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ABS TRACT 
An a l t e rnat i ve me t h od o f  p o we r i ni and gu i d i ng agr i -
c u l t u r a l  i mpl eme n t s  wa s d e s c r i bed and t e s ted . The s ys tem 
u t i l i z ed a center p i vo t  i r r igat i on gan t r y  as a p o s i t i o n . 
r e fe rence dev i c e  for an e l e c t r i ca l l y  powe red t oo l - f r ame . 
T h e .s ys t em i nduced the t oo l - f rame t o  fo l l ow a re f e r e n c e  
po i n t  on the i r r i gat i on gan t r y , wh i l e that po i n t wa s 
i nc remented o u tward by a g r o und d r i ven mechan i s m . The 
pat h  fo l l owed by t h e  t o o l - f rame was that o f  an Arch i m i dean 
s p i r a l . 
A c r o p  was p l an t ed and c u l t i va t ed w i th the s ys t em , 
wh i l e  eva l ua t i ng t h e  path f o r  acc u rac y w i th i n  ope r a t i o n s , 
and r e peatab i l i t y be twe e n  ope rat i on s . A c ompar i s on o f  t h e  
overa l l e n e rgy e f f i c i e nc y and energy c o s t s  wa s made 
be tween the e l e c t r i c  s y s t e m  and a c onve n t i onal s ys t em . 
A l t e ra t i on s  t o  t h e  e x i s t i ng s p i r a l  mechan i z a t i o n 
s y s tem were rec ommended and an a l t e rnate s ys tem u s i ng a 
l i near move i r r i ga t i o n gan t r y  a s  a po s i t i on re f e r e n c e  
dev i c e and power s ource wa s s ugge s t ed . 
An ana l yt i c a l  dra f t  mode l was eva l uated f o r  u s e  i n  
predi c t i ng dra ft o f  l ow s pe e d  t i l l age imp l ement s .  C ompa r -
i s on s  were made b e twe e n  the dra f t  predi cted by the mode l 
f o r  t h e  c u l t i v a t o r , t o  t h e  d ra f t  measured dur i ng t h e  c u l -
t i vat i on operat i on at d i f fe r e n t  d e p t h s . 
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I n t r oduc tion 
The mechan i z a t i on o f  t h e  p ro duc t i on of ag r i c u l tu r a l  
c r ops has dramat i c a l l y  c hanged man ' s  c i v i l i z at i on ove r t h e  
l a s t  o n e  hundred yea r s . The i n t roduc t i on o f_mach i ne s , 
s uc h  as the t rac t o r  and t h e  c omb i ne harve s t e r , has h e l pe d  
t o  i nc re a s e  t h e  pr oduc t i v i t y  o f  an i nd i v i dual farme r many 
t i m e s  over . Be twe en t h e  year s o f  1 8 7 0  and 1 9 8 5  t h e  
perc entage o f  t h e  Un i t ed S ta t e s  popu l u s  emp l o yed i n  
pr i mary ag r i c u l ture dropped f r om about 5 0 %  t o  2 . 2 4 % wh i l e  
the i ndu s t r y  cont i nued t o  s uppl y  th i s  country and a 
po r t i on o f  the wo r l d  
i nexpen s i ve s upp l y  o f  
1 9 4 7 , and USDA 1 9 8 5 ) . 
w i t h  an abundant and r e l a t i ve l y  
f o o d  and f i b e r  ( Co oper , e t  a l . ,  
Advance s  i n  mechan i zat i o n c on t i nu e  
t o  c ont r i bute t o  i nc re a s ed p roduc t i v i t y wh i l e e l i m i nat i ng 
drudg e r o u s , repe t i t i ve , t a s ks . 
Th e u s e  o f  s p r i nk l e r  i rr i ga t i on has i mproved t h e  
s u i tabi l i t y  o f  m u c h  ag r i c u l t ur a l  l and for pr oduct i o n  o f  
h i gh va l u e  cash c rops . In 1 9 8 5  i n  t h e  Un i t ed S t at e s , 
1 0 , 9 5 7 , 0 9 8  h e c ta r e s  o f  land we r e  i r r i gated w i th the u s e  o f  
s pr i nk l e r  i r r i gat i on mach i ne s  ( Ir r i ga t i on Journal , 1 9 8 7 ) . 
O f  th i s  area , 5 , 4 2 5 , 6 2 1  h e c tare s we r e  i r r i gated w i t h  t h e  
u s e  o f  c e n t e r  p i v o t  mac h ine s . C r ops produced unde r s uc h  
i r r i g at i on s ys t ems rang e f rom c oa r s e  f e edg r a i n s  and 
o i l s e eds to fru i t  and veg etab l e  c r ops . The c o s t o f  
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purchas i ng , ope rat i ng , · and ma i nta i n i ng an i r r i ga t i on 
s ys t em o f t en repre s e nt s a s i gn i f i c ant por t i on o f  t h e  
produc t i on c o s t s  o f  the c r o p  be i ng g r own . We r n e r  ( 1 9 8 6 ) 
found the c o mb i nat i o n o f  owne r s h i p  c o s t s  and ope r a t i ng 
c o s t s  o f  a c en t e r  p i vo t  i r r i g a t i on s ys tem to repr e s en t  
app rox i mate l y  2 5 % o f  t h e  p r o duc t i on c o s t s  o f  a c o rn c ro p  
i n  e a s te rn S outh Dak o t a . T h e  u s e  o f  the i r r i gat i on g a n t r y  
t o  per form s ome s ec ond t a s k , s uc h  a s  p r o v i d i ng a mobi l e  
r e fe rence po i n t  f o r  an i mp l ement s t e e r i ng s y s tem , wo u l d  
i nc r e a s e  i t ' s u t i l i t y and prac t i ca l i ty .  
Appr oach e s  t o  automat i c al l y  g u i d i ng ag r i c u l t u r a l  
i mp l emen t s  hav e been r e s e arched s i nc e  the ear l y 1 9 0 0 s  ( Le 
Po r i , e t  al . ,  1 9 8 6 ) . Many o f  t h e s e  at tempt s made u s e  o f  a 
f i e l d s t r uc t u r e , s uc h  a s  t h e  s i dewa l l  o f  a p l ow f u r r o w  
f rom a prev i o u s  pa s s , a s  the re fe rence and g u i de f o r  
s ucc e s s i v e  pa s s e s  o f  the t r�c t o r  and i mpl eme n t� O th e r  
s ys tems have made u s e  o f  bur i ed cab l e s  car r y i ng an 
e l e c t r i c  c u r r en t . A c o i l  on board the trac t o r  o r  
i mp leme n t  wa s u s ed t o  s en s e  t h e  magne t i c  f i e ld g en e r a t e d  
by t h e  c u r r en t  i n  t h e  c ab l e  a nd was ab l e  t o  prov i de a 
p o s i t i o n s i gna l t o  t h e  s te e r i ng c o n t r o l  s ys tem . 
Probl ems encoun t e r e d  b y  s uc h  automat ed s y s t ems have 
n o t  been so much t e c hn i c a l  a s  they have been e c onom i c . 
Oth e r  advanc e s  i n  the s i z e and na ture o f  agr i cu l t u r a l  
· mechan i z at i o n  h a v e  i n c r e a s ed t h e  pr oduc t i v i t y o f  an 
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i nd i v i dual operator t o  t h e  p o i n t  whe r e  t h e  labo r i nvo l ved 
i n  f i e ld ope rat i ons fo r p r oduc t i on of t h e  ma j o r  feed and 
g ra i n  c r ops i s  o n l y a v e r y  s ma l l  po rti on of tho s e  c ro p s ' 
t o t a l  produc t i on c o s t s . T h e  s av i ng s  i n  l abo r , and any 
o th e r advan t ag e s  a t t r i b u t ab l e  to an aut oma t ed s ys t e m , 
mu s t , i n  t i me , pay f o r  any g u i danc e s ys t em if i t  i s  to b e  
acce p t ed . Al s o, any s y s t e m  t h a t  i s  t o  re l y  upon 
r e p l acement of t h e  manua l ope r a t o r  t o  j u s t i fy i t ' s  u s e  
mu s t  b e  re l i ab l e  enough t o  ope rate w i th l i t t l e  o r  n o  
s up e rv i s i on .  S y s tems r e qu i r i ng s upe rv i s i on w i l l  l o s e  a l l , 
o r  a par t , o f  t h e i r  l abo r advan tag e . The fac t that t h i s  
l abor s av i ng s  has be en i ns u f f i c i ent t o  j u s t if y  t h e  
i n s t a l l a t i on o f  automa t ed s ys t ems i s  e v i denc ed b y  t h e  fac t 
that few , i f  any , aut o ma t i c  g u i danc e s ys tems f o r  
ag r i cu l t u r e  have pro g r e s s ed b e yo nd t h e  r e s e a rch s ta g e . 
App l i ca t i on s  f or wh i c h  au t omat i c  g u i danc e s ystems do 
m e r i t cons i derat i on are t h o s e  in wh i ch: 1 )  the mac h i ne i s  
abl e t o  pe rf o rm m o r e  acc u r a t e l y  unde r automa t i c  c on t r o l  
t h an und e r  manua l c o n t r o l , and 2 )  t h e  ope rat i o n i s  one 
that is frequen t l y  repea t e d  so that t h e  l abor i nvo l ved i n  
mach i ne g u i danc e  i s  a s i g n i f i ca n t  po r t i on o f  t h e  c r o p  
produc t i on c o s t s . 
An examp l e  of the f o rme r i s  a hydrau l i c r owf i nde r on 
a s ugarbee t  harve s t e r . Th i s  m e c h an i sm doe s  not; i n  fac t , 
r e p l ac e  a human ope ra t o r , b u t  i s  ab l e  t o  s en s e  the c r own s 
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o f  s ugarbe e t s  i n  one ta rget r o w  and adj u s t  the harve s t e r  
po s i t i o n r e l a t i v e t o  t h e  t ow i ng t rac t o r  t o  more accurat e l y  
ma i nt a i n  the impl ement o n  t h e  c ro p  row . The bene f i t  o f  
th i s  i nnovat i o n i s  r e a l i z ed ,  n o t i n  l owe r labor c o s t s , but 
i n  a reduc t i on i n  harve s t  l o s s e s a t t r i bu t ab l e  t o  
dev i a t i ons from th e i d e a l  pat h , and c o n s e que nt l y , a h i gh e r  
y i e ld . 
Examp l e s  o f  appl i c at i on s  that r e qu i re frequ e n t  t r i ps 
ove r t h e  s ame path i nc l ud e  t h e  mow i ng o f  t u r f  i n  s od 
produc t i on and the f r e qu e n t  c u l t i vat i on o f  s ome row c r o p s . 
A po s s i b l e app l i c at i on f o r  aut omat i c  g u i danc e i s  i n  t h e  
a r e a  o f  r e pe t i t i v e  h a rve s t i ng o f  vege tab l e  and f ru i t  
c r o ps . As s e l ec t i ve harve s te r s  a r e  dev e l oped t o  r e p l ac e  
manual harve s t i ng o f  c r o p s  that mu s t  be f r e qu en t l y  
harve s t ed over the i r  grow i ng s ea s on , t h e  labo r i nvo l ved i n  
ope rat i ng t h e  harve s te r s  w i l l - b ecome an i nc reas i ngly l ar g e  
propo r t i on o f  the p r oduc t i o n c o s t . I n  e f f e c t , t h e  manua l 
l ab o r  o f  harve s t  wil l be r e p l aced b y  labor emp l o yed t o  
gu ide harve s t i ng mach i n e s . Th i s  l ab o r  i s  path o r i e n t e d , 
and , a s  s uch , c o u l d  be part i a l l y  o r  c o mp l e t e l y  aut omat e d . 
S uc h  a harve s t i ng s ys te m  may prov i de a s e t t i ng wh e r eby t h e  
u s e  o f  a n  automa t e d  g u i danc e s ys tem i s . e c onom i c a l l y  
advan tag e o u s . 
A d i f ferenc e , and po t en t i a l advantag e ,  o f  automa t e d  
c r o pp i ng s y s t ems t h a t  mak e u s e  o f  ex i s t i ng i r r i gat i on 
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mach i ne s , i s  
e n e r g y  s o urce 
the po s s i b l e  u s e  of e l ec t r i c  powe r 
for t h e  pr i m e  m o v e r i n  the f i e l d . 
a s  th e 
U s e  o f  
e l ec t r i ca l  energy wo u l d  reduce t h e  operator ' s  de pendanc e 
upon pe t r o l e um fue l and c o u l d  prov i de c o s t  s av i n g s  
depend i ng upon s ys t em e f f i c i en c y  a n d  r e l a t i ve fue l c o s t s . 
A s y s tem t o  automat i ca l l y  g u i de an e l ec tr i c a l l y  
powe red t o o l  frame 
deve l oped at S o uth 
i n  a prede t e rm i ned s p i ra l  pa th wa s 
Dako ta S ta t e  Un i ve r s i ty .  E l ec t r i c  
mo t o r s  we re u s ed t o  powe r t h e  dr i ve wh e e l s  o f  a sma l l t o o l 
f rame o r  t rac t o r . E l e c t r i c  powe r was s upp l i ed thr ough a 
f l ex i b l e  c o rd from t h e  axi s  o f  a c e n t e r  p i vo t  i r r i ga t o r . 
A c on t ro l s ys tem was i mp l emented t o  a l l ow the t rac t o r  and 
i mp l ement to fo l l ow a mov i ng r e f e rence po i nt on t h e  
i r r i g at i on boom . A mechan i ca l  s ys tem wa s u s ed t o  
p r o g r e s s i ve l y  move t h e  g u i danc e r e fe rence po i n t  a l ong t h e  
boom , caus i ng t h e  trac t o r  t o  f o l l ow a s p i ral path . Th i s  
path began at the c e n t e r  o f  t h e  p i vo t  and t e rm i nated a t  
t h e  o u t e r  end o f  t h e  s i ng l e  i r r i ga t i o n gantry s pan . 
. S i nc e  no prac t i c a l  f i e l d t e s t s  o r  demon s t ra t i o n s  o f  
t h i s  mach i ne had been per f o rm e d , re s earch was i n i t i a t e d  
w i th t h e  fo l l ow i ng pr i ma r y  o b j e c t i ve s : 
1 )  D e t e rm ine t h e  accuracy and re peatab i l i t y o f  t h e  
s p i ra l  path c on t r o l  s ys t em f o r  two d i f f e rent f i e l d  
operat i on s  wh i l e demo n s t ra t i ng t h o s e  ope rat i on s  for a r o w  
c r o p . 
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2} Compare the e n e r g y  e f f i c i en c y  and energy c o s t  o f  
an au toma ted e l ec t r i c  s ys t em t o  that o f  a convent i on a l  
s ys t em . 
3 ) Make re commendat i on s  f o r  de s i gn i mprovement s i n  
s ub s e quent automa ted s y s t em s  u s i ng ex i s t i ng i r r i ga t i o n 
mac h i ne s , and sugg e s t  p o s s ib l e  appl i ca t i on s  f o r  s uc h  
s ys t ems . 
S i nc e me asur emen t s  o f  dra f t  u s i ng a s ha l l ow t i l l a g e  
c u l t i va t o r  were t o  be r e qu i r e d  t o  s a t i s f y obj e c t i ve numbe r 
two , and s i nce e x i s t i n g  mode l s  f o r  s o i l i mpl ement d ra f t  
w e r e  i ns u f f i c i en t l y  val i da t e d  f o r  v e r y  l ow speeds , t h e  
fo l l ow i ng s ec onda ry obj e c t i ve was e s tabl i sh ed : 
1 )  To va l i da t e  an ex i s t i ng s o i l  i mp l ement draf t  mode l 
fo r u s e  i n  s ub s e qu e n t  de s i gn s  o f  s l ow mov ing autom a t ed 
s y s tems . 
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Rev i ew o f  Li terature 
Henry F o rd s a i d  i n  h i s  autob i og raphy , " I  have 
fo l l owed many a weary m i l e  b eh i nd a p l ough and I know a l l 
t h e  drudg e r y  o f  i t . What a w a s t e  i t  i s  f o r  a h uman be i ng 
t o  s pend h o u r s  and days b eh i nd a s l ow l y  mov i ng t e am o f  
h o r s e s  wh en , i n  the s ame t i m e , a t r ac t o r  c o u l d  do s i x 
t i me s the work , "  and l a t e r , s pe a k i ng o f  wo rk i n  g en e r a l , 
"We have s uc c e eded , t o  a v e r y  g re a t  ex t e n t , i n  re l i ev i ng 
men o f  the heav i e r  and m o r e  o n e r o u s  j ob s  that u s ed t o  s ap 
t h e i r  s t r eng th , but even wh e n  l i g h t e n i ng the heav i e r  l abo r 
we have n o t  ye t s u c c e e ded i n  remo v i ng monot ony" , 
( Fo rd , l 9 2 2 ) . 
Henry F o rd c o n t r i b u t ed t o  t h e  mechan i z at i on o f  
ag r i c u l ture t h r ough t h e  i n t roduc t i on o f  the Fo rds on, a 
s ma l l ,  l i gh twe i gh t  trac t o r . -P r i o r  t o  i t s i n t r oduc t i on , 
t h e  c o s t  o f  p l owi ng an ac r e  o f  l and w i th h o r s e s  wa s $ 1 . 4 6 
( Fo rd , 1 9 2 2 ) . F o rd cal c u l a t ed t h a t  the c o s t  o f  p l owing an 
e qu i va l e nt a r ea wi th a t rac t o r  powe red by an i n t e rna l 
c ombu s t i o n eng i ne was $ . 9 5 .  A l s o , the t i me r e qu i r ed t o  
pe r fo rm the task w i th t h e  t ra c t o r  wa s about one f o u r t h  
t h a t  r e qti i r e d  by a t e am o f  h o r s e s  and dr i ve r . Thus , a 
farm ope r a t o r  wa s ab l e  t o  r educe h i s  t i me s pe n t  i n  th e 
f i e l d ,  o r  al t e rnat i ve l y , i nc re a s e  h i s  farmed ac reage wh i l e  
avo i d i ng t h e  nec e s s i t y o f  manag i ng draft an i ma l s .  T oday . 
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u s i ng med i um s i zed e qu i pm e n t  and ave rage s p e eds , i t  
c u r r ent l y  requ i re s  a ppr o x i ma t e l y  0 . 8 5 h o ur s t o  p l ow a 
h e c tare ( 2 . 4 3 ac r e s ) o f  l and ( ASAE 2 3 0 . 3, 1 9 8 4 ) . 
Cont i nued i mproveme n t s  i n  m e c h an i zat i on have re s u l t e d  
i n  pr oduc t i on techn i qu e s  t h at a l l ow a n  ave rage c�sh c ro p  
farme r to p l ant , c u l t i va t e , and harve s t  a hec tare o f  c o rn 
w i th l e s s  t han two h o u r s  o f  t i m e  spent i n  t h e  f i e l d 
p e r fo rm i ng tho s e  operat i on s  ( ASAE 2 3 0 . 3 ,  1 9 8 4}. S i m i l a r l y  
t h e  t i me r e qu i red t o  mow , c ond i t i on ,  and ba l e  one hec tare 
of hay three t i m e s  dur i ng a s e a s on h a s  been reduced to 
approx i mat e l y  three hou r s . Th e i n t roduc t i o n o f  the 
mech an i ca l  t oma t o  harve s t e r  h a s  dr amat i ca l l y  a f f e c t ed the 
c omme rc i a l  pr oduc t i on of tomat o e s . S chm i t z  and S eck l e r  
( 1 9 7 0 ) ,  e s t i mated that 2 0 5  manh o u r s  pe r hec tar e o f  h uman 
l ab o r  were di s p l ac ed by the ado pt i on of th i s  i nn ova t i on . 
They c a l c u l a ted that t h e  m�chan i z at i on o f  th i s  proc e s s  
r educ ed a produc e r ' s  harve s t  c o s t s  b y  $ 5 . 4 1 t o  $ 7 . 4 7 pe r 
ton o f  t oma t o e s  harve s ted . B randt and French ( l9 8 3 ) , 
c a l c u l at ed that the toma t o  h ar v e s t e r  reduced from. 5 0% t o  
2 0%, 
w i th 
the po r t i o n o f  
harve s t i ng . Th e y  
tom a t o  produc t i o n l abo r a s s oc i a t ed 
a l s o  f ound that the h arve s t e r  
u l t i ma t e l y  r e su l ted i n  h i gh e r  wage rat e s , bet t e r  work i ng 
c o nd i t i on s , and s i g n i f i c an t bene f i t s t o  c o n s ume r s . 
S i m i l ar l y , the i n t roduc t i on o f  mechan i ca l  c o t ton 
ha rve s t e r s  r educ ed harve s t  c o s t s  for c o tton produce r s  by 
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$ . 0 4 5  pe r po und , o r , · $4 9 pe r h e c t ar e  ( Ma r t i n  and 
Havl i ce k , 1 9 7 7 ) . Howeve r ,  many l ab o r  i n t en s i ve ope rat i on s  
a r e  s t i l l  n o t  me chan i z e d . An o p e ra t i on that has b e e n  
e s s en t i a l l y  unmechan i z ed i s  t h e  harve s t i ng o f  g r e e n  
a s paragu s . Humburg , e t  a l . ( 1 9 8 6 ) found the c apac i ty o f  a 
manua l  l ab o r e r  t o  harve s t  th i s  c ro p  t o  be be tween 1 . 2  and 
1 . 8 h ec tares pe r da y . S i n c e  t h i s  c ro p  i s  harve s t ed da i l y  
f o r  nea r l y  s i xty day s , t h e  l ab o r  c omm i t t ed t o  harve s t  o f  
o n e  h ec tare i s  between 3 3 3  and 5 0 0  h o u r s . A mac h i n e  wa s 
propo s ed by Humbu r g , e t  a l . ( 1 9 8 6 ) t o  pe r fo rm th i s  
h arve s t i ng operat i on . T h i s  mach i ne wou ld h ave pe r f o rmed 
the s e l ec t i on and remov a l  o f  mat u re a s paragus s p e a r s , 
r e p l ac i ng the manual p o rt i on o f  the ac tua l harve s t i ng . 
H oweve r ,  s i nc e  the e n t i re ac r eage o f  the c r o p  s t i l l  m u s t 
b e  h a rve s t ed da i l y ,  an e s t i mated 41 h o u r s  pe r h e c tare 
w o u l d  have been requ i red t o  g u�de t h e  harve s t e r  during t h e  
s ea s on . Labo r i n t en s i ve ope r a t i on s  s uch as th i s  have 
p r o v i ded the s t i mu l i f o r  r e s earch t o  aut omate a l l , o r  a 
p a rt o f , the s t ee r i ng o f  veh i c l e s  f o r  f i e l d  work . 
The ab i l i t y o f  s ome a u tomat i c  s ys t ems t o  pe r fo rm 
ope rat i on s  more accurat e l y ,  and a t  h i gh e r  s peeds , than 
t h e i r  h uman c ounte rpa r t s  i s  further reas on for t h e  
depl o yment o f  au tomated s ys te m s . 
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Automat i c  Gu i dance S ys tems 
A numbe r of a t temp t s  h a v e  b e e n  made to automa t e  t h e  
gu i danc e o f  agr i c u l t u r a l  v e h i c l e s  w i th the goa l s  o f  
r educ i ng operator l abor and i mp r ov i ng overa l l mac h i ne 
p e r fo rmanc e . In a c ompreh e n s i ve re v i ew o f  automa t i c  
g u i danc e i n  ag r i cu l ture , Jahn s ( 1 9 7 6 ) , o rgan i z ed prev i ou s  
r e s earch b y  t h e  me thod u s ed t o  produc e gu i danc e s i gnal s .  
Th i s  rev i ew i s  r e s t r i c t ed t o  s y s t ems that had s om e  
r e l evance to the g u i danc e  s ys t e m  under s tudy . T h e  
fo l l ow i ng typ e s  o f  g u i danc e w e r e  d i s c u s s e d : 
1 .  I nd i r e c t  veh i c l e  g u i danc e b y  a mas t e r  veh i c l e . 
2 .  Veh i c l e  gu i danc e b y  a d i r e c t r i x  gene rated dur i ng a 
prev i ous operat i on . 
3 .  Veh i c l e  gu i danc e b y  a me c h an i ca l  dev i ce i ns t a l l ed 
i n  the f i e l d . 
4 .  Veh i c l e gu i danc e by a l e ade r c abl e us i ng a l t e r ­
nat i ng c u r r en t . 
Mas ter/Slave Veh i cle Gu idance 
The capac i t y a s s oc i a t ed w i th an opera tor c on t r o l l ed 
mac h i ne c an be i n c r e a s ed by c oupl i ng one or mo r e  
dr i ve r l e s s  veh i c l e s  t o  o n e  c on t r o l l ed b y  a s i ng l e  human 
ope ra t o r . F i e l d ope ra t i on s  c o u l d  be pe r f o rmed w i t h  
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s ev e r a l  smal l e r  and l i ghte r  t r ac t o r - i mp l ement c omb i -
nat i on s , o r  two or more d i ff e r e n t  f i e ld opera t i ons c ou l d  
b e  p e rfo rmed i n  s uc c e s s i o n . T h e  me t h od o f  c oup l i ng t h e  
v e h i c l e s var i e s . A mechan i c a l  l i nk a g e  coupl i ng that wa s 
mark e t ed i n  Eng l and has n o t  r e c i e ved w i de acceptanc e 
po s s ib l y  due t o  prob l ems wi t h  turn i ng a t  h e ad l ands 
( Jahn s , 1 9 8 3 ) . Non - c ontac t l in kag e s  off e r  s ome advan t ag e s  
and a s y s t em u s i ng a n  ene r g i z e d  c o i l  o n  t h e  l ea d i n g  
v e h i c l e  was c i ted by Jah n s  ( 1 9 8 3 ) a n d  r epo rted by N i e l s e n , 
e t  al . ( 1 9 7 7 ) . The s l ave t r ac t o r  h ad , i n  the s e  c a s e s , 
t h r e e  s en s i ng c o i l s  to de t e c t  t h e  l ocat i on and r e l a t i ve 
po s i t i on of t h e  s i gn a l  c o i l o n  t h e  ma s t e r  v eh i c l e . The 
amp l i t ude of t h e  vo l tag e s  i nduc ed i n  t h e  c o i l s  wa s u s ed t o  
l ocate t h e  mas t e r  veh i c l e  and prov i de a s i gna l f o r  
s t e e r i ng c on t r o l . 
Gu i dance by D i rect r i x  f rom a Previ ous Pas s  
Th i s  method o f  gu i danc e r e l i e s  upon s ome d i s t i nc t  
fea ture o f  the c rop o r  s o i l t h at i s  l ef t  b y  t h e  i mpl ement 
f r om a p r e v i ous pas s . Examp l e s  i nc l ude a pl ow f u r row 
( K i rk ,  e t  al . , 1 9 7 6 ) , o r  t h e  c u t  edg e of a c r o p  b e i ng 
harve s ted . The s en s i ng mach a n i s m f o l l ows this feature i n  
a s i m i l a r  way that a b l i nd man wou l d  fo l l ow a curb. 
Opt i c al rang i ng wa s u s ed i n  a s ys tem desc r i bed b y  
Amb l e r , e t  a l . ,  ( 1 9 8 0 ) t o  f o l l ow a p l ow furrow a n d  t o  
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o r i ent t h e  t r ac t o r  dur i ng h e ad l and turns . The furr ow­
fo l l ow i n g s en s o r  cons i s t ed of a band of l i ght pr o j e c t ed 
ac ro s s  t h e  furrow j us t  i n  f r o n t  o f  t h e  t rac t o r  ax l e , and 
two s e t s  o f  pho to rec e p t o r s . L i gh t  r e f l e c ted f r om t h e  
b o t t om o f  the fu rrow wa s c o l l e c t ed o n  o n e  bank o f  
r e c e p t o r s  wh i l e l i g h t  r e f l ec t ed f rom t h e  unp l owed s ur fac e 
wa s c o l l e c t ed by a s e c ond s e t  o f  r ec ep t o r s . A de v i a t i on 
f r om t h e  de s i r ed path c au s ed m o r e  o f  t h e  r e f l e c t ed l i gh t  
t o  b e  c o l l ec t ed b y  one s e t  o f  r e c e p t o r s  a t  t h e  expens e o f  
the o th e r  s e t . A f t e r  amp l i f i c at i on , the de t e c t o r  o u t pu t s  
we r e  c ompared . T h e  d i f f e r e nc e b e twe en the two vo l tag e s  
gave a l i near approx i ma t i on o f  t h e  e r r o r  wh i c h was 
s ub s e qu en t l y  u s ed t o  i n i t i at e  a c o r rec t i o n . F i e ld t e s t s 
o f  th i s  por t i o n  o f  the s ys t e m  f o und i t  t o  be capab l e  o f  
f o l l ow i ng a fur r ow w i th a n  a c c u ra c y  c omparab l e  t o  t h at o f  
a h uman o pe ra t o r . The t r ac t o r ' s  moveme n t s  near a head l and 
we re c o nt ro l l ed by a m i c ro p r oc e s s o r - ba s ed c on t ro l l e r wh i ch 
rec i eved i nput da ta from an o p t o - e l ec t ron i c  range and 
bear i ng m e t e r , and from a h ead i ng i nd i cat o r . The rang e 
me t e r  wo rk ed i n  conj unc t i on w i t h  a s e t  o f  re f l ec t i ng p o s t s  
that we r e  p l ac ed a l ong t h e  f i e l d boundary . Wh en t h i s  
rang e and. bear i ng s ys t e m  i n d i c a t e d  t o  the mic roproc e s s o r  
that a reve r s e  turn was r e qu i r e d , the m i c roproc e s s o r  
i n i t i a te d  a pa i r  o f  arc s o f  p r ed e t e rm i ned du rat i on that 
cons t i tuted a 180 deg r e e  turn . The t rac t o r  then u s ed the 
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opt i c a l  rang i ng s ys t em t o  e s t i ma t e  i t s po s i t i on and dec i d e  
i f  a n y  c o r r ec t i on wa s r e qu i r ed b e fo re return i ng g u i danc e 
c o n t r ol t o  the fur r ow f o l l ow i ng dev i c e . A f t e r  any 
r e qu i red c o rr e c t i on wa s made , t h e  opt i ca l  furrow fo l l owe r 
wo u l d  aga i n  be al l owed t o  g u i d e  the trac t o r  back ac r o s s 
the f i e l d . 
The feas i b i l i t y o f  t h e  c o nc e p t  wa s demo n s t ra t ed , bu t 
the h eadl and turn i ng s ys tem was n o t  found t o  be r e l i ab l e  
enough to a l l ow una t t ended ope rat i o n ,  nor we r e  
modi f i c a t i ons o f  t h e  ex i s t i ng s ys tem found l i k e l y  t o  
s i gn i f i cant l y  i mprove i t . 
A s ys t em deve l o ped b y  Par i s h and Goe r i ng ( 1 9 7 0 ) u s e d  
m i c r o swi tche s and pr e s s u r e  p l ate s t o  l ocate t h e  edge o f  a 
p l o t  o f  s tand i ng al fal fa . The p o s i t i ve s i gna l from the 
s en s o r  sw i t c h e s  wa s u s ed t o  a l t e r  t h e  s p e ed of the l e f t  
and r i gh t  s i de dr ive m o t o r s  ri n  a h ydro s tat i ca l l y  �owe re d  
w i ndrower . A c i rc u i t  us i ng t i me de l ay r e l ays wa s impl e ­
mented t o  cau s e  a turn o f  a g i ve n  durat i on and t o  reve r s e  
t h e  .mach i n e  a t  the f i e l d e nds . Te s t s  o f  the s y s t em f o und 
i t  to be capab l e  o f  f o l l o w i ng the edge o f  a c r o p  w i th 
r o o t -mean - s quare e r r o r s , f rom t h e  i de a l  path , o f  2 3  t o  3 0  
ce nt i m e t e r s . That l ev e l  o f  a c c u racy was comparab l e  t o  an 
average human operat o r . Th i s  .. t yp e  o f  gu i danc e t ends t o  be 
spec i f i c  t o  a s i ng l e  c r op ope r a t i on and i mpl ement , a s  for 
exampl e ,  w i ndrow i ng a l f a l fa . Ot h e r  l i m i ta t i on s  i nc l ude 
442187 
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t h e  nec e s s i t y f o r  s e v e r a l  fa i l s a f e  dev i c e s  t o  s t op t h e  
. mach i n e  i n  t h e  event o f  a ma l f un c t i on .  U s e  o f  t h i s  me thod 
of gu i danc e has n o t  be en w i de l y  accepted i n  the i ndus t r y , 
po s s i b l y becau s e  o f  fa rme r s c e pt i c i sm o f  the s ys t em ' s 
r e l i ab i l i ty wh en ope ra t i ng w i t h o u t  h uman s upe r v i s i on .  
Th e gu i danc e o f  s ugar b e e t  harve s t e r  shar e s  i s  a 
var i at i on on th i s  t ype o f  c on t r o l  sys tem ( Marchant and 
Ch i t t y , 1 9 6 6 ) . In th i s  c a s e , t h e  di re c t r i x emp l o yed was 
the c r own s of the s ugar be e t s  in t h e  targ e t  r ow . A set o f  
s p r i ng l o aded f e e l e r s  was mechan i c a l l y  c onne c t ed t o  a pa i r  
o f  s en s i t i ve h ydrau l i c  va l v e s  wh i c h , i n  turn , c o n t r o l l ed 
t h e  po s i t i on o f  t h e  harve s t e r  r e l a t i v e  t o  the t ow i n g  
t r ac t o r  and g r ound . A de v i at i on f rom the row cau s e d  t h e  
c r own s o f  the be e t s  to d i s p l ac e  t h e  f e e l e r s , and th i s  i n  
turn , caus ed a c orrec t i ve adj u s tme n t  t o  be made v i a  t h e  
c on t r o l  valve s . Shou l d  t h e  h a r v e s te r  l o s e  t h e  r ow 
compl e t e l y , the t r ac t o r  ope r a t o r  then ac ted a s  the fa i l -
s a fe and made a c o u r s e  c o r r e c t i on . Th i s  s ys t em i s  rath e r  
s i mp l e  and rug g ed . It r e p r e s en t s  o n e  f o rm o f  au t oma t i c  
gu i dance s ys t em that i s  now c on s i de red ''s t a t e  o f  t h e  a r t " 
and h a s  been adopted c o mme r c i a l l y . 
spec i f i c  to , and de pendan t upon , 
S uc h  a s y s t em i s  
t h e  large , 
d i r ec t r i x  prov i ded by ma t u r e  - s u g a r  be e t  c r own s 
1 9 7 4 ) . 
s tab l e , 
( He s s e , 
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A dr i ve r l e s s  c omb i ne h�rve s t e r  was deve l oped by �s ek i 
Ag r i cu l tural Mach ine r y  M f g . C o . L td . i n  1 9 7 4  ( Kane t oh , 
1 9 7 8 ) . Th i s  mach i ne was c apab l e  o f  d r i ve r l e s s 
i n  a rec tang u l ar f i e l d once t h e  h e ad l ands 
harve s t ed wi th the a i d  o f  a human o pe rato r. 
ope ra t i on 
had been 
Gu i dan c e  
a l ong the edg e o f  the unharv e s t e d  c r o p  wa s ach i eved w i th 
me chan i c a l  s en s o r s . The m e c h an i ca l  s en s o r s  we re c onne c ted 
t o  e l ec t r i cal tran sduc e r s  and ac t i va t ed hydrau l i c  s te e r i ng 
c o n t ro l s  through a l og i c  c i rc u i t .  N i n e t y  deg r e e  t u r n s  
we re accomp l i s h ed th rough a p r e p r o g rammed s e t  o f  maneuv e r s  
a f t e r  wh i c h , t h e  mach i n e  p r o c e eded fo rwa rd . If no c rop 
wa s encounte red a f t e r  a f i xe d  t i me i n t e rva l the ha rve s t e r  
wa s s h u t  down . No ind i c a t i on o f  t h e  path ac curac y , o r  t h e  
l eve l o f  c omme rc i a l  s uc c e s s  o f  t h e  mach i ne w a s  g i ven . 
A s ys tem for ma i n t a i n i ng c omb i ne harve s t e r s  and 
fo rage harve s t e r s  accura t e l y  o n - c o rn r ows has been off e red 
c omme r c i a l l y  as a purch a s e  opt i on b y  C l aas ( Bu s s e , e t  a l . ,  
1 9 7 7 ) . I n  th i s  s ys tem t h e  s e n s o r  u s ed was a fo rmed s t e e l 
r od ext end i ng from the g a th e r i ng po i nt s  o f  the harve s t e r . 
De f l ec t i on o f  the s e  rods b y  t h e  c o rn s ta l k s  wa s 
t rans f o rmed t o  an e l ec t r i ca l  s i gna l by magne t i ca l l y  
i n f l uenced r e s i s t o r s  l oc a t e d  a t  t h e  ba s e  o f  the r od s  and 
s en s i t i ve to the i r  po s i t i on, A s i m i l a r  magne t i c a l l y  
i n f l uenced re s i s t o r  wa s u s ed t o  de t e c t  the pos i t i on o f  the 
ste e r i ng wh e e l s  on the harve s t e r . An e l ec t ron i c  c on t r o l 
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un i t  c omb i ned the s i gna ls o f  the c r o p  row s e n s o r s  and 
s t e e r i ng wh e e l  pos i t i on s  to d e t e rm i ne the ne c e s s a r y  
d i r ec t i ona l co rrec t i on s  and pro v i ded the c on t r o l  s i gnal t o  
a s o l eno i d  b l oc k  va lve t o  e f f e c t  t h o s e  c o r rec t i on s . 
Dev i a t i on s  from the row c e n t e r  we re repo r t ed to be . no mo r e  
than + 5 c en t i me t e r s  a t  s peeds u p  t o  9 . 7  km . Th i s  s ys t em 
d i d  n o t  e l i m i nate the n e ed f o r  an o pe rat o r , as h e  was 
s t i l l  r e qu i red to prov i de c on t r o l  dur i ng h ead l and t u r n s  
and ac t as the u l t i mate fa i l s a f e  dev i c e . The s ys tem d i d , 
h owe ve r , r e l i e ve t h e  fat i gue and mo n o t ony a s s oc i ated w i t h  
cont i nuous harve s t  and a l l owed t h e  o p e r a t o r  to mon i t o r  
o t h e r  mach i ne func t i on s  wh i l e t h e  harve s t er fo l l owed t h e  
c r o p  row ( Bu s s e , e t  a l . ,  1 9 7 7 ) . Th e e s t i mated c o s t  o f  
re t r o f i t t i ng s uc h  a s ys t e m  t o  a c omb i ne harve s te r  wa s 
$ 1 5 0 0 . No i nd i cat i on was g i ven a s  t o  the degree o f  farme r 
acc eptance o f  the opt i onal s ys tem . 
A s ys tem for pe r fo rm i ng o th e r  f i e l d ope rat i on s  o n  
r o w s  o f  g r ow i ng p l an t s , u s i ng t h e  p l ant s t ems a s  t h e  
d i rec t r i x , wa s i nve s t i g ated b y  He s s e  ( 1 9 7 4 ) . I n  th i s  
ca s e , capac i t i ve s en s o r s  w e r e  emp l o yed t o  l ocate t h e  
p l an t s i n  t h e  row . T h e  i mpu l s e s  g i ven by t h e  s ens o r s  a s  
t h e y  con tac ted p l an t s  i n  t h e  r ow we re u s e d  t o  c on t r o l a 
mono s tab l e  e l e c t ron i c  f l i p - f l o.p .  A f t e r  ampl i f i cat i on , t h e  
pu l s e  s i gnal from t h e  f l i p- f l o p w a s  u s ed t o  ac tivat e  an 
ele c t rohydrau l i c  o n - o f f  valve . rh i s  va l ve c ontr o l l ed t h e  
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p o s it i on o f  th e i mplemen t  r� l at i ve to t h e  row th rough a 
h ydraul i c  c y l i nder. T h e  . i mpu l s e  g i ve n  by t h e  s en s o r  wa s 
o f  s h o r t  durat i on , a s  o ppo s e d  t o  a c ont i nuous e r r o r  
s i gnal . A predete rm i ned t i m e  i n t e rval , de lta t ,  wa s 
c h o s en and the hydrau l i c  v a l v e  wa s ope ned for that f i xed 
i n t e rva l of time s o  that th e mag n i tude o f  t h e  c o rrec t i on 
a s s oc i a ted w i th each i mpu l s e  wa s a c on stant . Th i s  s ys tem 
wa s found to be techn i c a l l y  c apab l e  of s t ee r i ng cultiva t o r  
mac h i n e s  au toma t i c a l l y . 
A l i m i ta t i on c ommon t o  a l l s ys tems ut i l i z i ng a 
d i r ec t r i x  made dur i ng a prev i ou s  pa s s , o r  opera t i on , i s  
t h e  po t e n t i a l  var i ab i l i ty o f  t h e  d i rec t r i x . 
o f  a furrow wa l l  o r  a s ec t i o n o f  m i s s i ng 
The c o l l ap s e 
p l an t s  i n  a 
t a rg e t  row can cau s e  t h e  g u i danc e mechan i sm to l o s e  i ts 
p l ac e . Few , i f  any , s y s t em s  a r e  p r e s ent l y  c apab l e  o f  re -
e s tab l i s h i ng a d i r e ctr i x  onc e i t  h a s  been damaged , o r  
tempora r i l y  l o s t . ( Jah n s  1 9 8 3 ) . 
Gu i danc e by a D i rec t r i x  I n s talled i n  the F i e ld 
S ys tems of th i s  t ype u s ua l l y  have s i gn i f i cant 
i n stal l a t i on c o s t s , but have th e advantage o f  be i ng us e fu l  
f o r  many years . Jahn s ( 1 9 8 3 ) d e s c r i bed a s ystem propo s ed , 
b u t  never bu i l t , b y  R e e c e  ( 19 6 8 ) f o r  aut omati c g u i dance 
u s i ng c onc r e t e  ra i l s  on the s i de s  of f i e l ds of a un i f orm 
siz e and s h ape . I n  t h i s  s y s t e m , . t h e  i mpl ement was to be 
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drawn over the f i e ld i n  a pr ede t e r m i ned pat t e rn by an 
e l ec t r i c  w i nch and cab l e s . T h e  w i nc h e s  were , i n  turn , to 
be moun t ed on a tr ack on t h e  c o nc r e t e ra i l s  and c o n t r o l l ed 
by a c e n t ra l  c ompu t e r . The t rac k a nd cab l e  we re t o  be 
e qu i pped w i th d i s tanc e mark e r s  t o  fac i l i tate t h e  exac t 
po s i t i o n i ng o f  t h e  i mp l ement c a r r i e r . 
A s ys t em for t ow i n g  i mp l e me n t s  ac r o s s  an area w i t h  
cabl e s  w a s  t e s ted by LePor i ,  e t  a l . (1986). The g oal s o f  
th i s  s y s t em were t o  reduce s o i l  c ompac t i on cau s ed b y  whe e l  
traf f i c  and t o  i nc r eas e t h e  t rac t i ve e f f i c i ency o f  the 
f i e l d operat i on . An i mp l emen t , in th i s  ca s e  a tandem 
di s c , wa s t owed unde r a mob i l e  t ru s s b y  a d i e s e l  powe r 
un i t  w i th s t e e l  cab l e s . An i mp l e m e n t  c ar r i e r wa s emp l oyed 
as a means of h i tch i ng i m p l e m en t s  and reve r s i ng them at 
the end o f  the pa s s  ac ro s s  the f i e l d . The s ys tem h a s  the 
po t e n t i a l  f o r  automat i c  o p e r ati on a s  t h e  power un it i s  a 
part o f  t h e  mob i l e  t r u s s , and wou l d  no t nece s s ar i l y  
r e qu i re an operator . Probl ems e nc ount e red w i th t h e  s y s t em 
c e n t e red on the i nab i l i ty o f  t h e  mechan i sm to ma i n ta i n  a 
s t r a i gh t  l i ne path ac r o s s t h e  f i e ld becau s e  o f  s i de f o rc e s  
f rom the s o i l  o n  the i mp l e m en t . Th e c ab l e  t ow i ng s y s t em 
wa s unab l e  t o  prov i de s u f f i c i e n t  c o r r ec t i ve s ide f o rc e s  t o  
c o un t e ract t h e  i mp l ement f o rce s . E r ro r s  from t h e  de s i r e d  
path a s  l arg e as o n e  i mp l ement w i dt h  were repor t ed near 
1 9  
t h e  c e n t e r  o f  t h e  tes t p l ot . A s ys t e m  t o  k e e p  i mp l em e n t s  
on t h e  de s i red path wou l d  be r e qu i r ed ( Le Po r i , e t  a l . , 
1 9 8 6 ) . 
A l c oc k  ( 19 8 2 ) de s c r i be d  an aut omat i c  pos i t i on c o n t r o l  
s ys t em fo r a n  e l ec t r i c a l l y  powe red t o o l - frame . . That 
s ys t em ut i l i z ed a c e n t e r  p i v o t  i r r i gat i on gan t r y  a s  a 
r e vo l v i ng di rec t r i x  i n  t h e  f i e ld . A s i mp l e  s y s tem o f  
l i m i t i ng swi tche s caused t h e  t o o l - f rame t o  fo l l ow a 
re f e r e nc e  po i n t  on t h e  i r r i ga t i on gant r y . As the gan t r y  
r e v o l ved , the r e f e rence 
g e n e r a t i ng a sp i ra l  pa t h . 
Jahns ( 1 9 8 3 ) eva l ua t ed 
po i n t  was t o  be i nc r emented o u t  
I n  s ub s e quent work , A l c ock and 
s uc h  a s ys tem ' s  pe r f o rmanc e 
c harac te r i s t i c s  w i th a c ompu t e r  p r og ram . The pr i nc i pal 
d i s advan t ag e  of t h e  s ys t e m  noted was the l ow wo rk rate 
ach i eved at the i nne r po r t i on of t h e  s p i ra l whe re th e 
tang e n t i a l speed o f  the d i r ect r i x  and trac to r  we re l ow .  
Th e mo s t  t h o rough l y  r e s e a rched g u i danc e mechan i sm 
appears t o  be the l eade r  c ab l e  s ys t em that i s  i n s tal l ed i n  
t h e  f i e l d . Many s ys tems h a v e  b e e n  propo s ed , and s ome 
deve l oped , that make u s e  o f  t h e  magne t i c  f i e l d g en e r a t ed 
by an a l t e rna t i ng current i n  a bur i ed c o nduc t o r . A s e t  o f  
th r e e  mutual l y pe rpend i c u l ar c o i l s  i s  t ypi c a l ly u s ed a s  a 
t ran s duc e r  to s e n s e  t h e  mag ne tic f i e ld . The amp l i tud e s  o f  
t h e  i nduc ed v o l tag e s  i n  t h e  t h r e e  c o i l s can b e  u s ed t o  
cal c u l a t e  t h e  r e lat i ve po s i t i on_ o f  t h e  t ransduc e r  t o  t h e  
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l e ade r c ab l e , and th e s i gnal c an b e  ampl i f i ed t o  prov i de a 
s i gn a l  for s t e e r i ng contro l  ( L aws on , e t  a l . ,  19 6 3 , Ru s h i ng 
and Al l e n , 19 6 9 ) . Th i s  a r r ang eme n t  h a s  been u s ed t o  g u i de 
s h i p s  th rough s h i pp i ng c o r r i do r s  ( G i l l e s , 
and ag r i cu l tural veh i c l e s  i n  v i ne yards 
et al . ,  
and 
19 8 0 ) ,  
orchards 
( Fab i an and Jahns , 19 7 6 ) ,  a s  c i t ed b y  Jahns , ( 19 8 3 ) . 
A s ys tem wa s t e s t ed by T e l l e  and Pe rdok ( 19 7 9 ) ,  that 
uti l i z ed t wo c o i l s t o  s e n s e  t h e  l oc at i o n o f  the c onduc t i ng 
l eade r cabl e . 
the t rac t o r  
T h e  co i l s we r e  s eparated on the f r o n t  o f  
w i th the i r  ax e s  paral l e l . Th e i nduc e d  
vo l tag e s  i n  the s e  t w o  c o i l s we r e  c ompared and t h e  
d i f f e rence u s ed as an e r r o r  s i gn a l . With t h e  c o i l s  
l ocated an equa l d i s tanc e  o n  each s i de o f  the l e ade r  
cab l e , v o l tage s o f  e qua l mag n itude wou l d  b e  gene rated i n  
each , g i v i ng the z e ro e r r o r  c o nd i t i o n . A s  w i th a three 
c o i l  s y s t em , the veh i c l e  c o u ld be made to ope rate to t h e  
s i de o f  th e cab l e  b y  d i s p l ac i ng bo th c o i l s by s ome l a t e ra l  
d i stanc e r e l at i ve t o  t h e  ax i s  o f  t h e  veh i c l e . I n  th e 
s ystems eva l ua t ed by T e l l e  and Pe rdok ( 1 9 7 9 ) , h eadl and 
t u r n s  we re made by a human o p e r ato r wh i l e the aut omat i c  
s ystem w a s  us ed on l y  fo r s t r a i gh t  l i ne gu i dance . 
A l eade r cab l e  s ys t em e v a l uated by Young , et a l . ( 19 81 ) 
was f ound t o  be ab l e  t o  ma i n t ain a path , c o r re s pond i ng to 
a s t r a i g h t  l i ne bur i ed c o nduc t o r , o f± 4 . 1 cent i me t e r s  at 
speeds of up to 1 3  k m / h r . Wh en t h e  b u r i ed conduc t o r  cab l e  
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wa s p l aced i n  a s i nus o i da l  patt e rn , the max i mum l a t e r a l  
path err o r  o f  the trac t or , a t  a s p e ed o f  1 1  k m / h r , wa s 
1 8 . 5  cent i me te r s . Tha t  s y stem u t i l i z ed a m i c roproce s s o r  
to eva l ua t e  t h e  s i g na l s  r e c i eved f r om t h e  s en s i ng antennas 
acc o rd i ng t o  an a l g o r i thm de v e l o ped for the spec i f i c  
app l i c a t i on . The a l g o r i thm d ete r m i ned the appropr i ate 
mag n i t ude of turn c o r r ec t i on for t h e  e rr o r  s i gn a l , and 
i n i t i a t ed the corre c t i on . 
A maj o r  dr awback t o  t h e  adopt i o n  o f  l eade r cab l e  
s ys t ems f o r  general ag r i c u l t u r a l  u s e  h a s  been the need t o  
i mp l an t  cab l e s  at a s pac i ng e qu a l  t o  t h e  m i n i mum w i dth o f  
the i mp l ement to b e  u s ed , and t h e  a s s oc i a t ed co s t s . T h e  
deve l opme nt o f  s e ns i ng s ys t em s  c apab l e  o f  accu rate l y  
g u i d i ng a veh i c l e  pa r a l l e l  to w i de l y  s paced l e ade r cabl e s  
wou l d  e l i m i na t e  much o f  t h i s  c o s t . Wo r k  has been done in 
th i s  area by Brook ( 1 9 6 8 ) , arid G i l l e s , et a l . ( 19 8 0 ) .  
Jahn s  ( 19 8 3 ) repo r t ed that a s y stem deve l oped a t  th e 
Bunde s fo r s chung s an s t al t f u r  Landw i r t s cha f t  i n  W e st 
Ge rmany , had been s hown t o  b e  c apab l e  o f  repeat i ng_ a 
p r ed e t e rmi ned path w i th an accurac y o f  2 . 5  em u s i ng l e ade r 
cab l e s  s paced up t o  5 0  m .  
B i b l i og raph i e s  r e l evant to a u t oma t i c  gu i dance i n  
ag r i c u l ture we re c omp i l ed by Jahn s  ( 1 9 7 6 ) and aga i n  by 
Jah n s  ( 1 9 8 3 ) . 
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Use o f  E l ectr i c i ty to Power F i eld Mach ines 
In an exam i na t i on of t h e rmodyn am i c  cons i de ra t i ons f o r  
t h e  us e o f  e l ec t r i c  powe r i n  ag r i cu l ture , 
(1984) c ompa red the o vera l l e n e r g y  
Fluck and Ba i rd 
e f f i c i encie s o f  
e l ectr i c  powe r and n a tu r a l  g a s  f o r  i r r i g at i on pump i ng . F o r  
that ana lys i s , the boundar i e s  o f  t h e  c omparat i ve s ys t em s  
w e r e  from t h e  po i n t  o f  fue l c ombus t i on t o  t h e  s h a f t  i nput 
a t  the pump . I n  th e c a s e  o f  e l ec tr i ca l  powe r , the 
c ombus t i on was a s s umed t o  take p l ac e  a t  a powe r p l an t , i n  
a c o a l  f i red bo i l e r, wh i l e f o r  t h e  natural gas c a s e  t h e  
c ombu s t i on took p l ac e  i n  a n  i nt e rn a l  c o mbu s t i on eng i ne i n  
t h e  f i e ld . E s t i ma t e s  o f  t h e  e n e r g y  c on t e n t  o f  t h e  fue l s  
u s ed i nc l uded the e n e r g y  r e qu i r e d  t o  recove r , re f i ne , and 
t r an spo r t  the fue l to the c ombu s t i on s i t e . F luck and 
Ba i rd f ound the o v e ra l l e f f i cienc i e s  t o  be i dent i cal f o r  
e l ec t r i c i t y and natural g a s  at 2 3 % .  They furth e r  s ta t e d  
that s i nce t h e  p e r c e n t a g e  o f  f u e l  energy co nve r t ed t o  
mechan i c a l  e n e r g y  wa s e s s en t i a l l y  t h e  s ame f o r  the s e  t wo 
powe r s ou r ce s , i t  was then app r op r i at e  that the c h o i c e  o f  
e n e r g y  s ource a l t e rn a t i v e s  be made o n  t h e  bas i s  o f  fac t o r s  
s uc h  as o pe r at i ng c o s t s , r e l i ab i l i t y and ma i n tenanc e ,  and 
fue l ava i lab i l ity . Overa l l  e ff i c i ency for d i e s e l  fue l , as 
a powe r s ource , was e s t i ma t ed t o  be s l i ghtly l ow e r  t h an 
natur a l  gas , becaus e  o f  t h e  l ar g e r  quan t i t y o f  e n e r g y  
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r e qu i red t o  produc e  and re f i n e  d i e s e l  fue l ( Fl uc k  and 
B a i rd , 1 9 8 4 ) . 
I n  a r e po r t  on the fea s i b i l i t y o f  the u s e  o f  e l ec t r i c  
tracto r s  i n  U . S .  ag r i cu l t u r e  ( Anon . , 1 9 8 0 ) , i t  wa s e s t i ­
mated that the e f f i c i ency o f  bat t e r y  powe red tracto r s , 
f r o m  the charg i ng out l et t o  t h e  d r i ve mo t o r  s h a ft o f  the 
h ypoth e t i c a l  t racto r s , wa s 3 3 % .  T h e  e s t i mate wa s bas e d  o n  
the c omponent e f f i c i enc i e s  o f  t h e  ba t t e r y  charg e r , ba tte ry 
d i s charge e f f i c i e ncy , mo t o r  e f f i c i ency , and c ontro l l e r  
e f f i c i en c y . A s s um i ng an e l ec t r i c  powe r p l a n t  e f f i c i ency 
of 2 5 . 7% ,  i nc lud i ng l i ne l o s s e s , ( Fl uc k  and Ba i rd , 1 9 8 4 ) , 
a ba t t e r y  powe red t racto r wou l d  have an ove ra l l e f f i c i ency 
o f  8 . 5% f r om th e f u e l c ombu s t i on t o  the t rac t o r  
tran s m i s s i on .  That i s , i t  w o u l d  c onve r t  8 . 5% o f  th e 
e n e r g y  ava i lab l e  i n  the f u e l to u s ab l e  s h a f t  e n e r gy . 
Howeve r , e f f i c i ency l o s s e s  o f  abou t  6 3 % we re a t t r i buted t o  
th e ba tte ry charg i ng , d i s c h a rg i ng , and t o  the contro l l e r s  
( Anon . , 1 9 8 0 ) . A t rac t o r  d i r ec t l y  ut i l i z i ng a l t e rnat i ng 
c u r ren t woul d  e l i m i na t e  the n e ed f o r  batte r i e s , a charg e r , 
and c on t ro l l e r . E l i m i nati o n o f  th e s e  c omponen t s  wou l d 
a l l ow an ove ra l l  e f f i c i enc y c l o s e r  t o  tha t found by F l uc k  
and Ba i rd f o r  i r r i gat i o n pump i ng . 
Jo rdan ( 1 9 8 3 ) i l l u s t rated th e advantag e s  t h a t  
e l ec t r i c  moto r s  have ove r i n t e rn a l  c ombus t i on eng i ne s  i n  
ma i nta i n i ng a reas onab l y  h i gh e f f i c i enc y under var y i ng 
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l o ad s . I nte rna l c ombu st i o n  e ng i ne s  are abl e  to ma i nta i n  
th e i r  max i mum e f f i c i ency on l y  o v e r  a narrow rang e o f  powe r 
output l e ve l s  ( Buck and Hugh e s , 19 81 ) . 
E l am i n  ( 19 81 )  c ompar ed a battery powe red e l e ctr i c  
tracto r to a gas o l i n e  powe r ed g a rden tracto r i n  a va r i ety 
o f  f i e l d ope rati ons . E n e r g y  c o n s umed i n  th e s e  ope rat i on s  
was mea s u r ed o n  a pe r h ecta r e  ba s i s . A c ompar i s o n  was 
made between th e energy that f l owed th r ough a watt - h o u r  
met e r  t o  c h a r g e  th e batte ry powe red tracto r , a n d  t h e  
e n e r g y  c o n s umed by th e petr o l e um powe r ed tractor wh e n  th e 
h e at c o ntent o f  the fue l u s ed wa s c onverted to watt-h o u r s . 
E l am i n  noted that the e l ectr i c  tracto r e n e rg y  va l ue s  we r e  
not r e f l ect i ve o f  th e fue l e n e r g y  c o n s umed at th e powe r 
p l ant i n  pr oduc i ng t h e  e l ectr i c ity . He s ug g e sted mult i ­
p l y i ng th e e n e r g y  f i gur e s  b y  a facto r o f  3 to repres ent a 
powe r p l ant e f f i c i ency o f  3 3% .  T h e  compar i s on made , 
howeve r , d i d  not i nc l ud e  th i s  fact o r  and i nd i cated a sub­
stant i a l  e f f i c i ency advantag e  f o r  th e e l ectr i c  veh ic l e . 
E l am i n  furth e r  sugge sted th at petro l e um powe red gar�e n  
tracto r s  a r e  not v e r y  e f f i c i ent a n d  that th e e n e r g y  
c on s umpt i on val u e s  found f o r  the petro l e um powe red g arden 
tracto r were not repre s e ntat i ve of farm s i z ed tracto r s . 
A compar i s on wa s made by Vi k ( 19 8 5 ) between a 5 0  kW 
batte ry powe red e l ectr i c  tract o r  and a d i e s e l  tractor o f  
c ompa rab l e  h o r s epowe r . The h e at � o ntent o f  the d i e s e l  
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fue l burned was c ompa r ed t o  · t h e  e l e c t r i ca l  energy l e av i ng 
the ba t t e r i e s  o f  the · e l ec t r i c  t rac t o r , a s  measured by a DC 
wa t t - h o u r  m e t e r . B o th t rac t o r s  we r e  r e qu i red to p e r f o rm 
the s ame c h o r e  rout i ne dur i ng t h e  t e s t s . The measured 
va l ue s  o f  e l ec t r i ca l  energy we r e  d i v i ded by a fac tor o f  
. 7 0 t o  ac count f o r  i ne f f i c i enc i e s i n  the charg i ng and 
d i s charg i ng of the bat t e r i e s . T h i s  o n - farm compar i s on o f  
e n e rgy u s e  i nd i c a t ed a n  e n e r g y  s a v i n g s  o f  5 7 % t o  7 6 % f o r  
t h e  e l ec t r i c  t rac t or . S i nc e  t h i s  wa s a compar i s on o f  t h e  
e n e r g y  a s  u s e d  o n  the farm , n o  c o n s i de rat i on wa s g i ven t o  
t h e  e f f i c i ency o f  the p r o c e s s  u s ed to generate t h e  
e l ec t r i ca l  e n e r g y  u s ed by t h e  e l ec t r i c  trac t o r . 
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S o il Too l  Draft Model s  
McKye s ( 19 8 5 ) r e v i ewed . t h e  deve l opmen t  o f  mode l s  f o r  
p r ed i c t i ng s o i l  cu t t i ng f o rc e s  bas e d  on a deve l opment o f  
t h e  un i ve r s a l  
( 19 6 5 ) .  Re ec e 
ear t hmov i ng 
propo s ed 
e qua t i on proposed by R e e c e  
t h e  f o l l ow i ng equat i on t o  
de t e rm i ne t h e  force nec e s s a r y  t o  c ut s o i l w i th a t o o l . 
Whe r e : P = t o t a l  t o o l  f o r c e ; T = t o ta l  s o i l  d e n s i t y ; 
g = acc e l e rat i on due to g r av i t y ; d = t oo l  work i ng depth 
be l ow the s o i l sur fac e ; c = s o i l  c o h e s i on s t reng th ; q = 
s urcharge pr e s s u r e  ac t i ng v e r t i ca l l y  on the s o i l  sur fac e ; 
w = to o l  w i dth ; and N G , Nc and N q  a r e  fac t o r s  de pende n t  
upon t h e  s o i l f r i c t i on prope r t i e s  and o n  t h e  too l g e om e t r y  
and t o o l  t o  s o i l  s t rength prope r t i e s . 
A me thod deve l oped b y  H e t t i aratch i ( 19 6 9 ) ,  
( He t t i a ratch i and Re ec e , 1 9 7 4 ) , and c i t ed by McKye s ( 19 8 5 ) 
t o  s o l ve prob l ems i nvo l v i ng s o i l - t o o l f o r c e  prob l em s  be.an 
w i th the bas i c  e quat i on g i ve n  abov e . A t e rm to i nc l ude 
s o i l  t o  t o o l  adh e s i on ( Na ) was added . Va l ue s  o f  N G , Nc , 
N q , and Na f or t h e  e x t r eme c a s e s  o f  v e ry rough and ve r y  
s m o o t h  b l ade s w e r e  c a l cu l a t ed� anal yt i c a l l y  f o r  a var i e t y  
o f  s o i l  f r i c t i o n ang l e s  and t o o l  rake ang l e s . M e t hods 
we re a l s o  g i ven f o r  i n t e r po l a t i pg N value s f o r  t h e  mo r e  
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r ea l i s t i c ca s e s  wh e r e. the t o 6 l  b l ade i s  ne i t h e r  pe r fec t l y  
rough n o r  per fe c t l y  smo o th . T h e  t r eatment o f  the prob l em 
was two d i mens i ona l ; i e . f o r c e s  i nvo l ved i n  mov i ng s o i l  t o  
the s i de o f  the c u t t i ng t o o l  w e r e  i gn o r ed . 
A d i f f e rent approach t o  t h e  p r ed i c t i on o f  t i l l a� ?  
t o o l c u t t i ng forc e s  wa s t a k e n  b y  Lut h  and W i sme r ( 1 9 7 1 ) .  
Th e y  u t i l i z ed s i m i l i tude m e t h o d s  t o  red1 1C e  the numb e r  o f  
i ndepe ndant var i ab l e s  and we r e  t h u s  ab l e  t o  s t udy t o o l  
g e ome t r i e s and s o i }  p r o pe r t i e s w i thout a c omp l e te 
anal yt i c a l  s o l � t i o n . A f t e r  appro p r i a t e  var i ab l e s  w e r e  
c c �b i ned to f o rm d i men s i on l e s s  t e rm s , expe r imental da t a  
w� s u s ed t o  de t e rm i ne c o e f f i c i e nts a n d  exponen t s  f o r  th e 
t e rms . Th i s  me thod has be e n  s h o wn t o  g i ve g ood r e s u l t s  i n  
c e r t a i n  s pe c i f i c  sand and s p e c i f i c  c l ay s o i l s  ( Luth and 
W i s m e r , 1 9 7 1 , and W i smer and Lu th , 19 7 2 ) .  
I n  a t h r e e  d i me n s i onal anal y s i s  o f  s o i l  fa i l ur e  
ar ound a s o i l  t o o l , Godw i n  ( 1 9 7 4 ) o b s e rved t h a t  the s hape 
of the s o i l fai l u re c r e s c e n t s  on the s o i l  s ur face and t o  
t h e  s i de s  o f  t h e  b l ade we r e  e l l i pt i c a l , b u t  near l y  
c i rc u l a r . A s s um i ng th i s  c i r c u l ar s hape t o  be reas onab l y  
accura t e , the vo l ume o f  s o i l  a f f ec t ed by the s o i l  t o o l  t o  
t h e  s i de o f  t h e  too l , c o u l d  b e  e s t i mated . Th e s o i l  
i mm ed i a t e l y  ahead 
d i me n s i ona l l y  as 
o f  t h e  
de s c r i bed 
t o o l  was ana l y z ed 
e a r l i e r , ( He t t i aratch i 
two 
and 
Re e c e , 1 9 7 4 ) . The forc e s  r e q u i r ed t o  f a i l a s i de c r e s c e n t  
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we r e  e s t i ma t ed by d e t e rm i n i ng t h e  i nc r emental forc e s  on a 
sma l l  s o i l  s egment and t h e n  i nt eg r a t i ng that f o rc e  ove r 
t h e  v o l ume bounded by the c i r cu l ar a rc that de s c r i bed a 
s i de fa i l u r e  c re s c e n t . U s i ng . t h e s e  f o rc e s , Godw i n  and 
S p o o r  (1977) deve l oped an e qu a t i o n for draft s im i l a r  to 
that of He t t i a ratch i and R e e c e . 
H = ( rgd2 NG + cdNc + qdN q ) ( w+ s ) s i n ( o  + 6 )  + c a dwc o t ( o ) 
wh e r e  s = r (1 - ( dc o t o/ r ) 2 ) 1 / 2 
I n  t h i s expr e s s i on , s ,  r e p r e s e n t s  the u l t i ma t e  w i d t h  
o f  each s i de c r e s c e n t  o f  d i s tu rb e d  s o i l and r i s  t h e  
f o rward d i s tanc e o f  s o i l  f a i l ur e . The c a l c u l a t i on o f  s 
h oweve r , i s  dependant upo n  t o o l  a s pe c t  r a t i o s  
( depth / w i dth ) and s o i l s t r e n g t h . T e s t s  we re p e r f o rmed 
w i t h  n a r r ow f l a t  t o o l s  in s andy s o i l s  ( Payne and Tanne r , 
1 9 5 6 ) ,  ( Godw i n , 1 9 7 4 ) , that a l l o w  e s t i m a t e s  o f  s ,  and then 
dra f t , t o  be made us i ng the Godw i n  and S po o r  mode l . The s e  
c a l cu l a t i on s  o f  d r� f t  wou l d , h oweve r , b e  l i m i t ed t o  t h e  
s o i l t ype s t e s t ed by Payne a nd Tanne r , and Godwi n .  
McKye s and A l i ( 1 9 7 7 ) a t t empted t o  deve l op a m e thod 
of p r ed i c t i ng s o i l - to o l  c u t t i ng f o rc e s  that wa s 
i ndependant o f  the n e e d  for many e x pe r i menta l l y  de t e r m i ne d  
s o i l i npu t s . Th ey b e g a n  w i th a two - d i mens i o n�! wedg e 
s haped z on e  o f  s o i l , fo rward o f  t h �  c u t t i ng t o o l , that was 
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a s s umed to fa i l  i n  a . stra i gh t  l i n e  f ro m  the tool cutt i ng 
t i p  to th e s o i l  s u r face , at an ang l e  beta , to the s o i l  
s u r face . I n  add it i on , a c i rc u l ar s e gmen t  o f  s o i l  to each 
s i de o f  the b l ade and f orwa rd f a i l u r e  z one , was a s s umed to 
f a i l ( F i gu r e  1 ) . 
F i gu r e  1 .  The ge ometr y o f  t h e  t h r e e  d i me n s i o na l s o i l 
c utt i ng mode l o f  McKy e s and A l i , 1 9 7 7 . 
Th e to t a l  f o rc e  act i ng t o  f a i l  a s i de s egment was 
f o und by i n t eg rat i ng t h e  i nc r e me n t a l  f o r c e  ove r the tota l 
v o l ume , and the s e  f o r c e s  we r e  added t o  t h e  f o rce requi red 
t o  fa i l  th e c e n t r al wedg e . T h e i r  i nnova t i on wa s i n  the 
u s e  of ma themat i c al expre s s i on s  to c a l c u l a te a broad rang e 
o f  N fac t o r s  wh ich we re found e x pe r i me n ta l l y  i n  mo s t  ot h e r  
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mod e l s .  McKyes ( 19 8 5 ) h a s  u s ed th i s  rang e of N facto r s  
f o r  a range o f  rake ang l e s  and depth t o  w i dth rat i o s  o f  0 
to 2 0 . The e quat i on for t h e  s o i l  to to o l  force u s i ng 
th e s e  N factors i s : 
P = ( rgd2 NG + cdNc + qdNq  + c a dNc a  ) w  
The h or i z o nta l and verti ca l  d r a ft c omponen t s  are g i ven by : 
H = Ps i n ( o  + o )  + C a dwc ot ( o )  
v = Pc o s ( o  + o )  C a dw 
The var i ab l e s  and the as s o c i ated u n its f o r  the above 
e quat i on s  are de f i ned by : 
P = s o i l to to o l  forc e 
H = h or i z on ta l  dra f t  f o r c e  
V = vert i cal c omponent o f  dra ft f o rce 
o = too l rak e  ang l e  
· g = acc e l erat i on due t o  g rav ity 
d = t o o l  wo rk i ng depth 
NG = N fac t o r  f or the grav ity te rm 
c = s o i l  c ohe s i on 
Nc = N factor f o r  c o h e s i on -- te rm 
q = s o i l  s urcharg e pre s s u r e  
N q  = N factor f o r  s ur c h a r g e  t�rm 
( kN )  
( kN )  
( kN )  
( de g ) 
( m/ s 2 ) 
{ m )  
( un it l e s s ) 
( kPa ) 
( un itl e s s )  
( kPa ) 
( un i t l e s s ) 
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C a = s o i l to meta l adhe s·i on ( kPa ) 
Nc a  = N fac t o r  f o r  adh e s i on te rm ( un i t l e s s ) 
w = t o o l  w i dth ( m )  
6 = s o i l to m e t a l  f r i ct i o n  ang l e  ( deg ) 
9 = s o i l  i nternal f r i ct i o n  ang l e 1 ( deg ) 
1 .  Alth ough 9 i s  n ot u s ed exp l i c i t l y  i n  the draft 
pred i c t i on e quat i on , i t  i s  r e qu i r�d to obta i n  appropr i ate 
N facto r s  f o r  the s o i l  c o nd i t i on s . 
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The SDSU Spi ral Mechan i zat i on Sys tem 
The expe r i me n t a l  s y s t e m  t e s t e d  wa s devel oped at S outh 
, Dak o t a  S t a t e  Un i ve r s i t y b y  Ralph A l c oc k  and Ge rhard J ah n s  
i n  19 8 3 . The c onc ept was b a s e d  o n  t h e  u s e  o f  an e x i s t i n g  
c en t e r  p i vo t  i r r i gat i on s ys t em a s  a pos i t i on r e f e r e n c e  
dev i c e  f o r  an e l e c t r i c a l l y  powe r e d  t o o l  f rame . T h e  t o o l  
f rame w a s  des i gned to mak e  u s e  o f  t h e  3 pha s e , 4 6 0  vo l t ,  
AC powe r u s e d  t o  dr i ve t h e  i r r i ga t i on mac h i ne . The t o o l 
f rame , and any attac h ed i mp l emen t ,  w e r e  to f o l l ow a mo v i ng 
r e f e r e nce po i n t  on the i r r i ga t i o n  b o om i n  s uch a way that 
t h e  path fo l l owed wa s pe r pe nd i c u l a r  to the i r r i g at i on 
gant r y , and t ang en t i a l t o  an Arc h i me d i an s p i ra l . The 
e l ec t r o -mec han i c a l  s ys t e m  u s ed t o  g en e r a t e  t h e  s p i ra l  
pa t t e r n  wou l d  a l l ow the pa t t e rn t o  be repeated w i th i n  t h e  
l i m i t s  o f  th e accuracy o f  t h e  s ys t em . 
The s ys t e m  that was deve l op e d  c a n  be de s c r i be d  i n  
t e rm s  o f  1 )  the c e n t e r  p i vo t  i r r i ga t o r , 2 )  the e l ec t r i c  
t o o l  f rame , 3 )  the g u i danc e c on t r o l  s ys t em , and 4 )  t h e  
r e fe rence po s i t i on advanc e mechan i s m . 
The center p i vot i rr i gator 
A Valmont t c e n t e r  p i v o t  i r r i g at i on gantry wa s u s e d  a s  
t U s e  o f  produc t name s a r e  f o r  b e ne f i t  o f  r e ade r and 
d o  not i mp l y  endo r s ement or p r e f e r enc e by S ou t h  Dako t a  
S ta t e  Un i ve r s i t y .  
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the ba s i s  f o r  the expe r i me n t a l  s ys tem . A s i ng l e  s pan , 
c o n s i s t i ng o f  an ancho red c e n t e r  t o we r , an e l ec t r i ca l l y  
dr i ven o u t e r  towe r , and t h e  c onne c t i ng i r r i gat i on p i pe and 
t r u s s e s  was u s ed . The l eng th o f  t h e  s pan f r om the p i vo t  
po i nt t o  the c e n t e r  o f  the wh e e l  t rac k o n  the ou t e r  tower 
was 9 1 . 4  me t e r s . The o u t e r  t ow e r  was d r i ven by a . 7 4 6  kW 
( 1 h p ) , 4 6 0  vo l t  g e a rmo t o r . T h e  nom i na l  r o t o r  s pe ed o f  
1 7 5 0  rpm o f  t h i s  mo t o r  was r e du c e d  b y  a 5 8  t o  1 worm g e a r  
r educ t i on w i th dr i ve s h a f t  o ut p u t s  to each o f  the towe r s  
two whe e l s . Each ax l e  was e qu i pp e d  w i th a 5 2  to 1 g e arbox 
r educ t i o n , t o  prov ide a t o t a l  g ea r  r educ t i on f r om mo t o r  
s h a f t  to ax l e  o f  3 0 1 6  t o  1 .  
The e l ec t r i c  t o o l - f rame 
The t o o l f rame cons i s t e d  o f  a t rape z o i da l  frame made 
of w e l ded U- channe l and s qu a r e  s ec t i oned s t e e l  tub i ng . 
D r i ve whe e l s  w e r e  l ocated a t  t h e  ba s e  o f  the t rape z o i d , 
c o r r e s pond i ng t o  the rear o f  t h e  f r ame , and a s i ng l e  
ca s t o r  t ype wh e e l , 4 2  c e n t i me t e r s  i n  d i ame t e r , was mount�d 
a t  t h e  f r ont of  the f rame . Each d r i ve wh e e l  wa s e qu i pped 
w i th a 5 2  to 1 reduc t i on g ea r  box , s i m i l ar to that u s ed on 
t h e  mob i l e i r r i ga t i on t o we r , and e ac h  gear box was powe red 
by a . 7 4 6  kW ( 1 hp ) , 4 6 0  vo l t  g earmo t o r  l ocated fo rward o f  
t h e  dr i ve wh e e l s  and e x t e rn a l  t o  the frame ( F i gure 2 ) . 
T o t a l  g e ar reduc t i on f rom th e _m o t o r  r o t o r  s pe ed o f  
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Figure 2 .  The eleet ric tool-frame 
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1 7 5 0  rpm wa s 3 0 1 6  t o  1 g i v i ng a nom i na l  ax l e  s pe ed . o f  
0 . 5 8 0 rpm , o r  3 . 6 4 5  rad / m i n . T h e  dr i v e  whe e l s  o n  t h e  
o r i g i na l  t o o l  frame we r e  s i z e 2 8 om x 6 2 cm , ( R - 1 , 1 1  x 
2 4 . 5 )  i r r i gat i on t i re s . We i gh t  o f  t h e  c ompl e t ed t oo l ­
f rame was 5 . 0 3 kN . 
A we atherproo f  cont r o l  b o x  was mounted a t  the fo rwar d  
e n d  o f  the t o o l  frame t o  h o u s e  the powe r a n d  cont ro l 
c omponen t s . F i l ex th e Cat d i dn ' t  l i k e  the megaph on e  and 
gave i t  t o  Dan - th e - man . Th e p o we r s uppl i ed t o  the cont r o l 
box wa s 4 6 0  vo l t , 3 pha s e  AC powe r . Th i s  powe r wa s 
c a r r i ed by a f l e x i b l e  umb i l i ca l  c o rd o r i g i nat i ng at the 
c e n t e r of the i r r i g a t i o n s ys t em . A c o n t r o l  pane l ( F i gu r e  
3 )  i n s i de the con t r o l b o x  c on t a i ned the c omponent s f o r  
s w i tch i ng l e f t  and r i gh t  dr i ve m o t o r s , a s  nece s s ary , t o  
dr i ve and s t e e r  the veh i c l e . A t r an s f o rm e r  was u s ed t o  
r educ e t h e  s y s tem v o l tag e o f  4 6 0  t o  1 1 5 t o  p r o v i de an 
o u t l e t  for i ns t rumenta t i on powe r . A s ec ond t rans f o rme r 
r educed t h i s  1 1 5 vo l t s t o  p r ov i de a 1 2  vo l t  AC powe r 
s o u r c e  f o r  u s e  by the c o n t r o l  c i r c u i t .  Th i s  c i rcu i t  u s �d 
s ma l l  r e l ay s  to e f fect a l o g i c  c i rcu i t  f o r  d i rec t i on and 
s t o p - s ta r t  c o n t r o l . Ac t u a l  mo t o r  s w i tch i ng wa s ach i eved 
w i th l arg e r  1 2  vo l t  re l ay s  t h a t  c l o s ed i ndepe ndant 4 6 0  
v o l t  c i rcu i t s  t o  the dr i ve m o t o rs a s  n e c e s sary . 
Figure 3 .  Interior of the elect r ic tool-frame contro l  panel 
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The gui dance sys tem 
The s ys t em that was u s ed t o  i nduc e the t ool f rame t o  
fol l ow a d e s i red po i n t on t h e  i r r i g at i on boom c e n t e r e d  
around t h e  umb i l i ca l  c ord t h a t  s u pp l i ed powe r t o  the t ool 
f rame . That por t i on of t h e  c ord that e x t e nded from t h e  
i r r i g a t i on gant r y  down t o  t h e  t ool f r ame wa s s h eathed i n  a 
f l ex i b l e  p i pe of g a l van i z ed m i l d  s t e e l . Th i s  s h e a th was 
damped by a m i l d  s t e e l  s t rap t h a t  was f i rm l y  a t tached t o  
t h e  e x t e r i or o f  the f l e x i b l e p i pe . A s quare s t e e l  p l a t e  
2 0  c e n t i m e t e r s  i n  w i d th wa s a t tached t o  t h e  s h eath a s h o r t  
d i s t anc e from i t s uppe r end . T h i s  p l a t e  was or i en t ed i n  
s uch a way that the c o rd pa s s e d  t h r ough the c e n t e r  of t h e  
s qua re , and the p l ane o f  th e p l a t e  wa s pe rpend i c u l ar t o  
t h e  c ord at t h e  po i n t  o f  a t tachment ( F i gu r e  4 ) . Two 
m e r c u r y  s w i tche s were at tached to oppos i t e ends of th e 
p l a t e  fac i ng one ano th e r . T h e  s ta t e  of the s w i tche s was a 
func t i on of the ang l e  made by th e p l a t e  w i th the hor ­
i z on ta l . Th i s  ang l e  wa s , i n  t u rn , a func t i on o f  the 
d i s tan c e  be tween th e i r r i g a t i o n g an t r y  and the too l  frame . 
T h e  s ta t e  of the s w i tch e s  wa s u s e d , du r i ng ope rat i on ,  as a 
pa r t  of t h e  l og i c  o f  t h e  c i rc u i t g ove rn i ng d i s tanc e  
c on t r ol . 
Th e l owe r end o f  t h e  umb i l i c a l  c ord ente red the tool 
f rame and c o n t r o l  box b y  way of a c ondu i t  f o rmed to a 
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a l l y  c l o s e  a ma i n  re l a y  to s t � r t  o n e  dr i ve mo to r , c au s i n g  
t h e  veh i c l e  to t u rn . Th e t u r n  wa s ma i nt a i ned unt i l  t h e  
p o s i t i o n o f  the umb i l i c a l  c o rd a n d  c ondu i t  had reve r s ed 
s u f f i c i en t l y  to open the m i c r o s w i t c h , g i v i n g  the s 2 1 = s 2 2 
= 0 c ond i t i on . The du ra t i on o f  t h e  t u rn , and the f i na l  
d i r ec t i on o f  t h e  veh i c l e  we re dependant upon the amount o f  
h y s t e re s i s  i n  t h e  m i c ro s w i t c h . 
Tab l e  1 .  T ruth tab l e  f o r  t h e  c o n t r o l  s ys tem l og i c . 
D i s tan c e  
C ont r o l  
D i rec t i on 
C on t r o l  
s 3  1 = 0 *  I S a 2 = 0 
s 3  1 = o S a 2 = 1 
S a 1 = 1 S a 2 = 1 
S z 2 = 0 
S e e  sw i t c h e s  S 2 1 and S 2 2  
Mu t ua l l y  e xc l u s i ve w i th 
8 3 1 , S a 2 = 0 
S e e  d i s tance c o n t r o l  
Mt  = 0 
Mt  = 1 
N o t c ompa t i b l e  wi th t h e  
f o r ego i ng 
* S w i tch numbe r s  r e f e r  t o  F i g ure 4 .  
* *  A c l o s ed s w i tch o r  c l o s ed mo t o r  r e l ay i s  i nd i cated 
by a 1 .  A 0 i nd i ca t e s  an open s w i tch . 
T h e  cams and s w i tch e s  at t h e  bas e  o f  the c ondu i t we re 
ad j u s t ed s o  that wh en a d i r ec t i on c o r r ec t i on was 
c om p l e t ed , t h e  ax i s  o f  the veh i c l e  was approx i ma t e l y  
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pe rpend i cu l ar t o  the i r r i gat i 6 n g an t r y , wh i c h  corre s ponded 
t o  the i de a l i z ed path . 
T h e  di s tance s eparat i ng t h e  t o o l  frame f r om the 
r e f e r ence boom was c o n t r o l l ed b y  the two mercury s w i tch e s  
moun t e d  o n  t h e  s t e e l  p l a t e  a t ta c h ed n e a r  the upper end o f  
the umb i l i ca l  c o rd . A s  l ong a s  t h e  path o f  the veh i c l e  
was w i t h i n  a l l owab l e  l i m i t s , i e . 8 2 1  = 8 2 2 = 0 ,  the l og i c  
c i rc u i t  wou l d  al l ow d i s t anc e c o r r ec t i o n s  t o  b e  made . I f  
t h e  s eparat i on o f  the t o o l  f rame and b o om was s u f f i c i en t  
t o  t i p  t h e  c o n t r o l  p l a t e  s o  t h a t  8 3 2 was c l o s ed and 8 3 1 
wa s open , both ma i n  re l ays w e r e  c l o s ed t o  cause the t o o l  
f rame t o  move fo rward , and t o  g radua l l y  o v e r t ak e  the 
r e f e r ence boom . Wh en the r e l at i ve po s i t i on s  o f  the t o o l 
f rame and b o om cau s ed e i th e r  o n e  o f  the m e rcury s w i tch e s  
t o  r e ve r s e  po s i t i o n ,  t h e  
t e r m i na t ed . 
The p o s i t i on re ference s ys t em 
d i s tanc e c o r r ec t i on wa s . 
Th e s ys tem c o uld be o pe r a t e d  a s  de s c r ibed , w i th t h e  
·t o o l  frame fo l l ow i ng the po i n t  o n  t h e  i r r i gat i on boom f r o m  
wh i c h  t h e  umb i l i c a l  c o rd was s u s pended . Howeve r ,  w i t h o u t  
a me thod o f  mov ing that s u s pe n s i o n po i nt late ral l y  a l ong 
t h e  boom , t h e  t o o l frame wou l d  f o l l ow a c i rc u l a r  pa th . T o  
g e n e r a t e  a s p i ral pat t e rn , t h e  p o i n t  o f  s u spen s i on o f  the 
powe r c o rd had t o  be s l ow l y  moved f r om t h e  center of t h e  
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p i v o t  t o  the out e r  t owe r , o r  a l t e rna t i ve l y ,  f r om t h e  o u t e r  
t ower to t h e  p i vo t . A 3 . 1 8 c en t i m e t e r  d i ame t e r  p i pe was 
s u s pended from th e i r r i g at i on p i pe a l o ng the l ength o f  t h e  
gan t r y  at a h e i gh t  o f  2 . 4  m e t e r s  above t h e  ground w i t h  
s t e e l  s t raps . A r o l l i n g  c ab l e  c a r r i e r , cons i s t i ng o f  
t h r e e  c o ncave r o l l e r  whe e l s b o l t e d  t o  a m e t a l  frame , wa s 
at tac h ed to the p i pe ( F i gu r e  6 ) . Th e umb i l i c al c o r d  was 
s u s pended th r o ugh t h e  c ab l e  c ar r i e r  and t h i s  appara t u s  was 
f r e e  to r o l l  the l e ng th of the s pan . I n  o rde r t o  move 
t h i s  c o rd carr i e r in o r  o u t  as a func t i on o f  the ang u l a r 
p o s i t i on o f  the i r r i gat i on boom , a g round d r i ve wh e e l  was 
emp l o yed . A s i z e 1 5 om x 3 8 o m  ( 5 . 9 i nch x 1 5 i nc h ) 
ag r i c u l tural i mp l ement whe e l  was m o un t ed i n  a brack e t  
at tac h e d  t o  t h e  frame o f  t h e  o u t e r  t o we r  o f  t h e  s ys te m . A 
s p r o c k e t  mount ed on t h e  ax l e  o f  t h e  whe e l  was u s e d  to 
dr i v e f l a t  cha i n s , and e ve n t ua l l i ,  t o  dr i ve 
s h a f t  o f  a s ma l l  9 0  d e g r e e  g e arbox r e duc t i on . 
t h e  i n�u t 
The o u tpu t 
s h a f t  o f  t h e  gear r educ t i on was d i r e c t e d  v e r t i cal l y  and 
c onnec t e d  to the ax i s  o f  an adj u s t ab l e d i ame t e r  pu l l e �  
· ( F i g u r e  7) . Th i s  pul l ey wa s moun t e d  on a s h a f t  t h a t  wa s 
s uppo r t e d  v er t i ca l l y  i n  b ea r i ng s . The p l ane o f  t h e  
adj u s tab l e  pu l l e y  w a s  h o r i z on t a l  a n d  l o cated at the s ame 
l e v e l  a s  the c o rd car r i e r  apparatu s  and i t s p i pe tr ack . A 
6 . 3 5 mm s t e e l  cab l e  wa s us ed t o  c o nn e c t  the g r ound dr i ve 
s ys t e m  t o  t h e  c ab l e  ca r r i e r  mechan i �m .  Th e ends o f  the 
44 
Figure 6 .  The cab le carrier mechanism c ons is t ing o f  the c ab le 
carrier , the p ipe t rack , and the s teel cable advance loop .-
Figure 7 .  Ground driven advance system ins t alled on a center p ivot 
irrigator . 
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c ab l e we r e  a t tached to . the r o l l i ng umb i l i c al c o rd c a r r i e r . 
T h e  l o o p  fo rmed by the cab l �  wa s c onn ec t ed t o  the g round 
dr i v e  me chan i sm by w i nd i ng i t  t h r e e  r e vo l u t i on s  abo u t  the 
ad j u s tab l e  pu l l e y . Free wh e e l i ng pu l l e y s  at e i th e r  e nd o f  
t h e  gan t r y  a l l owed the cab l e l oo p  t o  b e  s t re tched betwe e n  
t h e  ends o f  t h e  gan t r y  ( F i gu r e  8 ) . Th e r e s u l t  wa s an 
e nd l e s s  l oo p  of cab l e  w i t h t h e  r o l l i ng c o rd car r i e r  
a t tac h ed t o  i t . The l o op and c ab l e  c a r r i e r we re advance d  
b y  t urn i ng t h e  adj u s tab l e  pu l l e y . S i nc e th i s  pu l l ey wa s 
d r i ve n  t h rough th e g r ound wh e e l , t h e  advanc e o f  th e c o rd 
c ar r i e r , and thus the r e f e r e nc e  po i n t  f o r  t h e  t o o l  frame , 
was d i rec t l y  re l at ed to the d i s t an c e  t rave r s ed b y  the 
g r ound dr i ve wh e e l  at the o u t e r  end of the s ys tem . The 
advanc e mechan i sm wa s i ndepe nden t of s ma l l  f l uc tuat i on s  i n  
t h e  s pe ed o f  the i r r i gat i on s ys t em and i ndependan t o f  the 
i r r i ga t o r  dr i v e wh e e l  s l i p . T h e  to t a l  g e a r  reduc t i on from 
t h e  g r ound dr i ve wh e e l  ax l e  to the w i nch pul l e y was 7 0  
t o  1 .  
-
F i nal l y ,  three more s e t s  o f  r o l l e r  whe e l  car r i e r s  
w e r e  p l ac ed o n  the ca r r i e r  p i pe . Each o f  the s e  s uppo r t e d  
a l a r g e  l oo p  o f  the powe r cab l e  f o r  t h e  t o o l · frame . As the 
c ar r i e r  wa s w i nched ou tward , th e s e  f r e ewh e e l i ng pow e r  c o rd 
c ar r i e r s  were drawn out a l ong t h e  p i pe , a s  requ i red , by 
the powe r c o rd i t s e l f .  The end o f  the powe r c o rd was 
l oc a t ed at t h e  c e n t e r  o f  t h e  p i v o �  ( F i g ure 9 ) . A l e ng t h  
Figure 8 .  The cable loop ·advance 
adj ustable pulley , 
P u l l e y  
G e a r  
a n d  
C h a i n  
R e d u c.t l 
G r o u n d  
D r i v e  
W h e e l  
the ground drive wheel , gear reduct ion , 
� 
" 
Figure 9 .  The Sp iral Mechanizat ion System installed in the field . 
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o f  e x t ra cab l e  and a p l ug and r e c e p t ac l e  we re a t t ached 
h e r e  to al l ow the s y s tem t o  make s e veral revo l u t i on s  
w i t h o u t  d i s c onnec t i ng an y c o rd s . I n  ope rat i on , · b o t h  t h e  
cabl e f o r  the t o o l f rame and t h e  powe r cab l e  f o r  the end 
t owe r dr i ve we re a l l owed to w i nd abo u t  the c e n t e r  towe r 
un t i l the c o rds had t o  b e  d i s c onnec t e d  and unwound . I n  a 
c omme rc i a l  app l i cat i on ,  
e l i m i na t e  th i s  need .  
t h e  u s e  o f  s l i p r i ng s  wou l d  
The 
u nde rgone 
s p i r a l  
o n l y 
Expe r i mental· procedure 
mechan i z a t i on s ys t e m  und e r  
pre l i m i nary 
mechan i sm f o r  advanc i ng the 
l ab o ra t o ry te s t s , 
s ys t em rad i a l l y  
c e n t e r  p i v o t  g an t ry had n o t  b e e n  t e s ted pr i o r 
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s tudy h ad 
and t h e  
a l ong · th e 
t o  th i s  
wo rk . B e f o r e  a p l an o f  f i e l d t e s t i ng �a s  deve l o ped , i t  
was n ec e s s a r y  t o  obs e rve t h e  s ys t e m  i n  the f i e l d , and t o  
mak e s ome mod i f i ca t i on s . T h e  s ys t e m  wa s i n s ta l l ed and 
ope rated at t h e  Ag r i cu l tural E n g i ne e r i ng Depar tme n t ' s  farm 
i n  t h e  f a l l of 1 9 8 5 . 
Obs e r va t i ons o f  the t oo l - f rame o p e r a t i ng , w i th out an 
i mp l emen t , i n  fre s h l y  ch i s e l  p l o wed s o i l , reve a l ed s mal l 
amou n t s  o f  s l i p on t h e  p a r t  o f  t h e  g ro und dr i ve whe e l  us e d  
t o  advance the r e f e r ence po i n t . The s ma l l  s t e e l  whe e l  o f  
t h e  o r i g i na l  s ys tem was sub s e qu en t l y  r e p l ac e d  wi th th e 
l a r g e r  r ubb e r  t i red wh e e l  de s c r i b e d  p r ev i o us l y . 
The pul l e y  r e s pon s i b l e  f o r  advanc i ng the cab l e  l o op 
f o r  p o s i t i on r e f er ence wa s ob s e r ve d  t o  b i nd , a s  the cab l e  
o c c a s i on a l l y  wound o v e r  i t s e l f du r i ng operat i on . The 
r emach i n i ng o f  s ome par t s  of t h e  pu l l e y , and the add i t i on 
o f  a cab l e  gu i de , e l i m i na t e d  th i s  prob l em . I n  a l l  o t h e r  
r e s pec t s  the to o l - frame a n d  p o s i ti on i ng s ys t em appear ed t o  
func t i on a s  de s i g n ed , a n d  a p lan o f  t e s t s  f o r  th e 
f o l l o w i ng s ea s o n  wa s prepared . 
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I t  wa s dec i ded t o  u s e  the t o o l - f rame and g u i danc e 
s ys t em t o  p l ant and cul t i va t e . a c o r n  c r op , wh i l e  me a s u r i ng 
t h e  par am e t e rs nec e s s ary t o  s a t i s fy t h o s e  obj ec t i ve s  o f  
t h e  s tudy requ i r i ng 
fab r i c a t e d  and u s e d 
c u l t i va t i on un i t s . 
quant i t a t i ve data . 
to  s uppo r t  bo t h  
The t o o l -bar was 
A t o o l - ba r  was 
p l ant i ng and 
equ i pped w i th 
adj u s t ab l e  depth wh ee l s  t o  ma i n t a i n  a c h o s en bar e l e va t i on 
fo r t h e  de s i red i mp l ement un i t  ( F i gu r e  1 0 ) .  A cas t o r  t ype 
wh e e l  wa s at tached to the drawba r  o f  t h e  i mp l ement near 
t h e  h i tchpo i n t t o  s uppo r t  the h i t c hp o i nt a t  the s ame l eve l 
a s  t h e  t o o l - frame drawba r . I n  a c omme rc i a l  appl i ca t i o n  o f  
t h e  s y s t em , any v e r t i c a l  l oad o f  t h e  i mp l ement a t  the 
drawbar wou l d  b e  s uppo r t ed b y  t h e  t o o l - f r ame drawba r . I n  
th i s  c a s e , t h e  c a s t o r  whe e l  was u s ed t o  a l l ow the i mp l e ­
ment t o  b e  towed . Th i s  s i mp l i f i ed t h e  i n s t rumen tat i on f o r  
dra f t  meas u rement s .  T h r e e , J ohn D e e r e  mode l 4 9 5  p l a t e  
t ype , p l an t e r  uni t s  we r e  a t tached t o  t h e  too l -bar a t  a 
s pac i ng o f  . 7 6 2  me t e r s  
c u l t i vat i o n t e s t s  the 
( 3 0 i nc h e s ) o n  c e n t e r s . Dur i ng 
th r e e  p l an t e r  un i t s we re rep l ac ed 
w i th f o u r  para l l e l  l i nk cu l t i va t o r  u n i t s . The c e n t ra l 
un i t s w e r e  eac h  e qu i pped w i th f i ve s p r i ng t o o th t i ne s , 
wh i l e t h e  ma tch row un i t s had t h r e e . T i n e s  opera t i ng 
neare s t  t h e  p l an t  rows we re equ i pp e d  w i th 6 . 3 5 em w ide 
t e e t h , wh i l e o th e r  t i ne s  ut i l i z ed 1 0 . 8  em , or 1 7 . 8  em 
s we e p s . 
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Path accuracy tests 
The abi l i t y o f  t h e  g u i danc e re f e rence s ys tem t o  
g en e r a t e  and repeat a par t i c u l a r  pat t e rn was o f  p r i me 
i mpo r tance i n  de t e rm i n i ng appl i ca t i on s  f o r  wh i ch the 
s y s tem m i gh t  be prac t i cab l e .  P r i o r  t o  the s ta r t  o f  
p l an t i ng , a measur i ng t a pe was fa s t en e d  to the p i pe that 
cons t i t u t e d  t h e  t rack fo r t h e  cab l e  c a r r i e r  and re f e r e nce 
s y s t em . Meas ur emen t s  we r e  made o n  t h e  tape , from the 
p i vo t  c e n t e r  to a refe rence po i n t  on the umb i l i c a l  c o rd 
cab l e  c a r r i e r . A mea s u rement o f  t h e  s t a r t i ng rad i u s  was 
made and reco rded at a c h o s en l ocat i on , w i th the t o o l  
f rame and impl ement near the c en t e r  o f  the s ys tem . At 
th i s  po i n t , a marker f l ag was p l a c ed i n  the g round a t  t h e  
l o c a t i on o f  t h e  g r o und dr i ve wh e e l  a t  t h e  out e r  end o f  t h e  
s ys t em . Dur i ng each s ub s e quent r e v o l ut i on o f  the s ys tem , 
t h e  mach i ne wa s s t opped at a p o i n t
. 
i nd i c a t i ng a 3 6 0  de g r e e  
r e vo l ut i o n . Measuremen t s  o f  t h e  advance o f  the re f e r ence 
s ys t em a l ong the boom we r e  taken , and a f l ag was p l ac e d  as 
· a ma� k e r  in the c e n t e r  row , b e h i nd the p l ante r . Th� 
rad i u s  to t h e s e  row mark e r s  was l a t e r  meas u r ed and 
r e c o rded . 
Th e s e  procedu r e s  were r e p e a t e d  du r i ng the cu l t i va t i on 
ope rat i on . Rad i a l  advan c e s  o f  t h e  s y s t em on the g round , 
and o n  t h e  r e f e rence b o om , we r e  r e c o rded f o r  each 
c on s ec u t i ve revo l u t i on o f  t h e  s ys tem . 
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Hnergy and powe r measurem e n t s  
A c ompar i s on o f  the ene rgy e f f i c i ency o f  o pe rat i o ns 
pe r f o rmed w i th a semi - a ut oma ted e l ec t r i c s ys tem to 
c onven t i onal 
de t e rm i n i ng 
s ys tems was 
the r e l a t i ve 
c o n s i d e red i mpo rtan t  i n  
me r i t s , and p o t en t i a l 
app l i c at i on s , o f  such an e l e c t r i c  s ys t em . To e s t i ma t e  the 
drawbar power and e f f i c i ency of t h e  e l ec t r i c  s ys t em , 
mea s u reme n t s  o f  the fo l l ow i ng parame t e r s  we re taken dur i ng 
th e f i e l d  operat i on s  o f  p l an t i ng and c u l t i vat i on : 
1 )  The o r e t i c a l  g r oundspeed 
2 )  Ac tual g roundspeed 
3 )  On - o f f  s t ate of the l e f t s i de dr i ve mo t o r  
4 )  On - o f f  s t ate o f  t h e  r i gh t  s i de dr ive mo t o r  
5 )  I mp l ement dra f t  
6 )  Angu l ar var i a t i o n s  t o  the p owe r c o rd condu i t  
7 )  S eparat i on o f  the t o o l - f r ame and re fe rence boom 
8 )  T i me 
9 )  Vo l tage of each of t h e  t h r e e  s ys t em pha s e s  
1 0 ) Current drawn b y  each o f  t h e  t h r e e  sys tem phas e s _ 
1 1 ) Pha s e  ang l e  o f  each o f  t h e  t h re e  s y s tem pha s e s  
T h e  meas uremen t o f  t h e  angu l a r  po s i t i on o f  t h e  t o o l -
frame , r e l a t i v e  t o  t h e  re fe r e n c e  b o om , and the s e parat i on 
o f  t h e  t o o l - f rame and re f e r e n c e  boom we re n o t  r e qu i red t o  
mak e e s t i ma t e s  o f  powe r and e f f i c i ency . However , the s e  
we re t h e  f i r s t  quan t i ta t i ve t e s t s  o f  t h e  mach i ne , and i t  
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was dec ided t o  mea s u r e  t h e s e  quant i t i e s  i n  c a s e  they 
s ho u l d  l a t e r  be r e qu i red t o  c h a r ac te r i z e  the sys t em 
p e r fo rmance . 
Quant i t i e s 1 th rough 8 ,  above , we r e  meas ured and 
r ec o rded by a da ta ac qu i s i t i on s ys t em and i ns t r umen t a t i on 
package t h a t  was a s s emb l ed and i n s t a l l ed on board the t o o l  
f rame . I nd i v i dual c omponen t s  o f  t h e  s ys t em and t h e i r  
func t i on s  are de s c r i bed l at e r . I n  
wa s ab l e  t o  mea s u r e  one va l u e  
prac t i c e , t h e  s y s t em 
f o r  e ach o f  the above 
mea s urands in approx i ma t e l y  1 . 6  s e c onds . A t yp i ca l  data 
run c on s i s t ed o f  3 2 0 0  data p o i n t s , w i th 4 0 0  va l ue s  for 
each of the e i gh t  measurands . E a c h  c o r r e s pond i ng value 
for a measu rand was s eparat ed b y  an i n t e rval of 1 . 6 
s ec onds . For e xamp l e , each o f  t h e  4 0 0  va l u e s  reco rded f o r  
d r a f t  du r i ng a d a t a  . r u n  we r e  s eparated i n  t i me b y ­
approx i ma t e l y  1 . 6 s ec onds . 
I n i t i a l l y ,  one run o f  t h i s  t yp e  was made dur i ng each 
revo l u t i on of the i r r i ga t i on s y s t e m . An a t t empt was made 
to beg i n  the da ta runs at the s am e  ang u l a r  l ocat i on of th� 
i r r i ga t i on gan t r y  to e l i mi na t e  as much var i ab i l i ty in dat a  
d u e  t o  l ocat i on as po s s i b l e . 
s p i r a l  t h e  fo rwa rd s peed o f  
i n s u f f i c i en t  to ove r t ake t h e  
N e a r  t h e  o u t e r  end o f  the 
t h e  t oo l - frame became 
r e f e r e n c e  b o om . At th i s  
po i n t  s ome data runs we re taken t o  o b t a i n  addi t i ona l data 
b e f o r e  t h e  l i m i t o f  the o p e r a t i on was r eached . No r e g a rd 
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was g i ve n  t o  the angu lar l oc a t i on o f  t h e  s ys t em dur i ng 
t h e s e  runs . Run s o f  t h e  p r o g r am made spec i f i ca l l y  f o r  
t o o l  dra f t  mode l pred i c t i on s  we r e  made near the o u t e r  
l i m i t  o f  the s p i r a l  path . The s e  r u n s  were sh o r t ened t o  
1 0 0 da t a  va l ue s  f o r  each o f  t h e  m e a s u red quan t i t i e s . 
Va l u e s  f o r  vo l tage and c u r r e n t  f o r  each o f  t h e  t h r e e  
pha s e s  were a l s o  requ i red . The s e  w e r e  mea s ur e d  a t  t h e  
c e n t e r  o f  the s ys tem . Dur i ng t h e  p l an t i ng ope ra t i on , 
t h e s e  va l u e s  were rec o rded c on t i nual l y  by s t r i p  cha r t  
r e c o rde r s . Du r i ng t h e  c u l t i v a t i on ope rat i on ,  c u r r en t  and 
v o l tage we r e  measured by hand - h e l d  i n s t ume n t s .  One 
m e a s u r ement was tak e n  from each pha s e  o f  the s y s tem , f o r  
each o f  t h e  t h r e e  pos s i b l e  mo t i on c o nd i t i o ns o f  the s y s tem 
du r i ng e ach o f  the s e  da t a  runs . The three po s s i bl e  
c o ndi t i on s  we re , ag a i n :  b o t h  d r i ve mo t o r s  and r e fe renc e ­
s ys t e m  runn i ng ; one dr i ve mo t o r  and r e f e r enc e s ys te m  
runn i ng ; and t h e  r e f e r en c e  s ys t em mo t o r  on l y ,  
M e a s u remen t s  o f  the phas e  ang l e  w e r e  made 
c o nc l u s i on o f  the f i e l d ope r a t i on s . 
run n i ng . 
a t  t h e  
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Draft model measurements 
D r a f t  me as ureme n t s  were taken and u s ed i n  the de t e r ­
m i na t i on o f  drawbar powe r and o v e r a l l e f f i c i ency . I n  
add i t i on to draft va l ue s  a l ready m e a s u r e d , a s e r i e s  o f  s i x  
data runs was made a t  var i ou s  depth s e t t i ng s  o f · t h e  
c u l t i va t o r  t i n e s . I n  th e s e  c as e s , a r un c on s i s t ed o f  1 0 0 
va l u e s  o f  dra ft mea s u r ed o v e r  a t i me pe r i od o f  1 6 0 
s e c onds . The s e  runs were made a s  c l o s e  a s  po s s i b l e  t o  one 
ano t h e r  t o  m i m i m i ze any e f fe c t s  due t o  var i a t i ons i n  i n  
s o i l c h arac t e r i s t i c s . Be twe e n  da t a  r u n s , the c u l t i va t o r  
un i t s we r e  adj us ted t o  
o pe ra t ed f o r  a br i e f per i od 
s tab i l i z e a t  t h e  new depth . 
new d e p th s , 
t o  a l l ow 
and t h e  s ys t em was 
t h e  i mpl ement to 
S o i l t e s t s  were made t o  obta i n  va l u e s  for s o i l 
c o h e s i on , fr i c t i on ang l e , and s o i l  t o  me t a l  adh e s i on . · 
Th e s e  we r e  r e qu i red by t h e  c ho s en dra f t  predi c t i on mode l . 
E i g h t  t e s t s  o f  s o i l prope r t i e s  we r e  made i n  random 
l oca t i on s  about the a r e a  u s e d  to pe r f o rm the c u l t i va t i on 
d r a f t  da t a  runs . Each o f  t h e s e  t e s t s  was made up o f  8 o r  
m o r e  da t a  po i n t s  and y i e l ded a s epa r a t e  e s t i mate o f  t h e  
s o i l  t o  s o i l  c o h e s i on , and t h e  s o i l  t o  s o i l f r i c t i on 
ang l e . Two 
p e r f o rmed . 
t e s t s  o f  s o i l  t o  me t a l  prope r t i e s  
Each o f  t h e s e  was a l so random l y  l ocated 
we re 
abo u t  
t h e  a r e a  o f  dra ft t e s t  a n d  c o n s i s t ed o f  8 o r  mo re dat a  
p o i n t s  yi e l d i ng e s t i ma t e s  o f  s o i l  t o  m e t a l  adh e s i on and 
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s o i l  t o  m e t a l  f r i c t i on ang l e .  S i x s amp l e s  o f  s o i l  we r e  
tak e n  f r om a n  ave rage dep t h  o f  5 c en t i me t e r s  f o r  de t e r ­
m i na t i on o f  bu l k  den s i t y . S e ven m o r e  s amp l e s  o f  s o i l  we r e  
t a k e n  f r om a n  ave rage dep t h  o f  7 c e n t i me t e r s  f o r  de t e r ­
m i na t i on o f  bu l k  dens i t y a t  t h a t  depth . 
Data acqu i s i t i on s ys t em 
Data f o r  dra f t , s pe ed s , d i s tance and ang l e  e r r o r s , 
mo t o r  s ta t e s , and t i me we re m e a s u r e d  and reco rded by a 
data ac qu i s i t i o n sys tem l oc a t ed on board the t o o l - f r ame . 
A l oo p , cons i s t i ng o f  a Hewl e t t  Packard mode l 7 1 - B  
m i c r o c ompu ter , a Hewl e t t  Pac k a rd mode l 3 4 2 1A dat a  
a c qu i s i t i o n / c on t r o l un i t , and a Hewl e t t  Pac ka rd cas s e t t e  
t a p e  dr i v e  was u s ed f o r  me a s u r i ng a n d  r ec o rd i ng s i gna l s  
o bt a i ned f r om i nd i v i dua l i n s t r umen t s .  A c ompu t e r  prog ram . 
s t o r ed i n  the 7 1 - B  mi c r o c ompu t e r  c o n t r o l l ed the ac t i o n s  o f  
t h e  3 4 2 1 A s canne r and the tape dr i ve un i t .  Upon execu t i on 
o f  t h i s  prog ram , th e s cann e r  wa s d i r e c ted t o  measure an 
appr o p r i at e  t ype and rang e o f  s i gn a l  f rom e ach of s even o f  
t h e  c hann e l s  o f  i t s mu l t i p l ex e r . E ac h  o f  t h e s e  s even 
chann e l s  c o r r e s ponded to an i n s t r um e n t  or t ran s duce r for 
o n e  of the d e s i red me a s urands . The s e  data va l ue s  wer e  
r e t u rned to t h e  7 1 -B m i c r o c ompu t e r  and s to red i n  the 
Random Acc e s s  Memory of t h e  c ompu t e r . A l s o  s t o red , w i th 
t h i s  s e t  o f  s even va l ue s , was t h e  t i me i n  s e c onds s i nc e  
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t h e  beg i nn i ng o f  the p r o g ram execu t i on . A l o op i n  t h e  
pr og ram t h en a l l owed · t h i s  . s equence t o  
r e pe a t ed . T h e  numbe r o f  e x e cu t i on s  o f  
ad j u s t ab l e  b y  the operat o r . T h e  s pe e d  
s ys t em was abl e  t o  tak e a n d  r e c o rd a s e t  o f  
be i mmedi a t e l y  
the l o o p  wa s 
w i th wh i ch t h e  
mea s u r eme n t s  
was a func t i on o f  the t ype o f  m e a su r ement , the r e s o l u t i on 
c h o s e n , and the t ype o f  c ommands u s ed t o  d i rec t t h e  
s canne r . I n  f i e l d  runs , a t i me i nt e rv a l  o f  abou t  1 . 6 
s ec onds was r e qu i r ed to me a s u re and r e c o rd the s even 
de s i r ed va l ue s . A run of 4 0 0  l oo ps t h rough the s e quence 
r e qu i red 6 3 9  s ec onds . At the c o nc l u s i o n of the prog rammed 
numbe r of l oo p s , the prog ram c on v e r t ed the meas ured v a l u e s  
o f  vo l t ag e  and r e s i s tanc e t o  t h e  approp r i a t e  phys i c a l  
quan t i t i e s  and then s t o r ed t he s e  v a l u e s  on c a s s e t te tape 
in a s e quent i al f i l e  named for the par t i cu l ar data run . 
I n s t rumenta t i on 
D r af t . A s i gnal repre s e n t i ng i mp l em e n t  dra f t  was g e ne r ­
a t ed w i t h t h e  u s e  o f · a s t e e l  d r awba r  f i t t ed wi th s t ra i n  
gaug e s . Th i s  6 . 3 5 mm x 2 5 . 4  mm m i l d s t e e l  bar was u s e d  t o  
c onnec t t h e  to o l - f rame and i mp l ement . I t  wa s p i nned a t  
b o t h  end s and l ocated w i th i t s l ong i t ud i nal ax i s  h o r i ­
z on t a l . A 3 5 0  ohm , M i c r o  Measu r ement s  CEA- 0 6 - 2 5 0 UW- 3 5 0 
s t r a i n  g aug e was a t t ached to each s i de o f  the bar . The 
g au g e s  we re l ocate d on t h e  c e n t e r  l i n e  of the bar , w i th 
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t h e  l ong i tud i nal axe s o f  the g a ug e s  and bar a l i gned . A 
pa i r  o f  ident i c al g aug e s  was a t t ac h e d  t o  ano ther bar and 
u s ed i n  the br i dge c i rcu i t  to p r o v i de t empe rature c ompen ­
s at i on . The four g aug e s we r e  c on ne c t ed i n  a fu l l  b r i dg e  
c i rc u i t s o  a s  t o  mea s u r e  ten s i on o n l y ,  a s  de s c r i bed b y  
Pe r r y  and L i s s ner ( 1 9 5 5 ) . A Hone ywe l l  Accuda t a  mode l 1 1 8 
gauge c o n t ro l un i t / amp l i f i e r  wa s u s ed t o  exc i te and 
b a l ance the br i dge , and to amp l i fy the b r i dg e  o utput 
( F i gu r e  1 1 ) . The de vo l t age o u t pu t  f rom t h i s u n i t  was the 
s i gn a l  meas u r ed by the HP 3 4 2 1 A  s canne r . Exc i ta t i on 
v o l t ag e s  we re reco rded a s  a par t  o f  t h e  da t a  acqu i s i t i on 
p r og ram a t  the beg i nn i ng and end o f  e ac h  data run . Pr i o r 
t o  each dat a  run , the drawba r and i mp l eme n t  we r e  unc oup l ed 
t o  p r ov i de a z e ro draf t c ondi t i on .  The br i dg e  was then 
ba l anc ed and the drawbar r e c o up l ed . 
The drawbar ,  the gauge c o n t r o l , un i t ,  and the data 
ac qu i s i t i on s y s tem we re ca l i b r a t ed i n  the l aborat o r y . 
T e n s i l e  f o rc e s  from 0 t o  8 . 9 8 7  k N  we r e  app l i ed t o  the 
d r awba r , by hang i ng the bar v e r t i c a l l y  and s u s pe nd i ng 
k nown we i gh t s  from i t s l owe r end wh i l e r e c o rd i ng the 
b r i dg e  s i gn a l  and the exc i t at i on v o l t a g e  ( Appe nd i x  I ) . A 
t o t a l  o f  2 5  d i f fe rent data po i n t s  was t ak e n . The . ra t i o  o f  
the e xc i t a t i on vo l tage and br idg e s i gn a l  was c a l cu l at e d  
f o r each po i n t , and a l i near r e g re s s i on p e r f o rmed be twe e n  
t h a t  rat i o  a n d  the appl i ed f o rc e  ( F � g u r e  1 2 ) . The r e g re s -
a . c t I v e g a g  e 
e x c i t a t i o n  
b r i d g e  s i g n a l 
g a g e  
G a g e  
B r i d g e  S c h t;t m a t l c  
D a t a  A c q u i s i t i o n  
S y s t e "!  z 
The drawbar used for mea rement o f  draft with the data 
acquisition system and bridge schemat ic . 
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s i on was f o rc ed through - the o r i g i n , and the re s u l t i ng 
e qua t i on was u s ed by the _ data ac qu i s i t i on p r o g ram to 
c a l c u l a t e  dra ft . That re l a t i o ns h i p  i s  g i ven by : 
D r a f t  ( N )  = 9 6 . 1 2 * S * 1 0 0 0  I E 
r 2 = 0 .  9 9 9  
whe r e  S i s  the b r i dge s i gnal i n  v o l t s  and E i s  the exc i ta­
t i on s i gn a l  in vo l t s . 
Th e o r e t i c a l  speed . Theo r e t i c a l  s pe ed o f  the t oo l - frame 
wa s me a s u red by de t e rm i n i ng t h e  l e f t d r i ve moto r spe e d  and 
then c a l c u l a t i ng the veh i c l e  s pe e d  u s i ng the overal l gear 
r a t i o  and wh e e l  r o l l i n g  r ad i u s  in " no s l i p "  c ond i t i on . 
M o t o r  s p e ed wa s d e t e rm i ne d  b y  the u s e  o f  a s mal l , 
m i ld s t e e l , s procket a t tached t o  the end o f  the motor 
ro t o r , and a magne t i c  f re qu enc y p i ckup . The s prock e t  had 
s i x s p o k e s  and wa s l oc a t ed i n s i de the mo t o r  hous i ng . The 
magn e t i c  p i ckup wa s th readed i n t o  a h o l e  tapped i n t o  the 
· m o t o r  h ou s i ng so that the s po k e s  o f  the s procket p a s s eq 
o v e r  the fac e o f  the p i c k u p . One s i gnal pu l s e  was 
p roduced i n  the pi c kup f o r  each s po k e  pa s s i ng i t s  fac e . A 
Dayt r o n i c  mode l 3 1 4 0A f r equency c ond i t i oner was · empl oyed 
to c o nv e r t  the f requency f rom t h e - p i ck u p  to a propo r t i ona l 
de vo l t ag e , t o  be meas u r ed by t h e  da ta acqu i s i t i on s ys tem . 
T h e  f·r e quenc y c ond i t i oner was adj u s t ed t o  p roduce i t s fu l l  
6 4  
s c a l e  s i gn a l  o f  5 vo l t s - de a t  a f r e qu e nc y  o f  2 0 0  H z . The 
nom i na l  mo t o r  s peed wa s expe c t e d  t o  p roduce a fr e quenc y 
f r om t h e  s en s o r  s pr oc k e t  o f  1 7 5  H z . The mo t o r  speed wa s 
c a l i brated by l oad i ng the mo t o r  t o  vary i t s s pe ed , wh i l e  
s i mu l tane o u s  meas uremen t s  o f  f r e qu e nc y  and de vo l tag e we r e  
t a k e n  by t h e  dat a  acqu i s i t i on s ys t em . A one s e c ond ga t e  
t i me was us ed by the scanne r t o  c oun t pu l s e s  from the 
p i ckup , and t h e  s peed i nd i c a t ed b y  th i s  f r e quency wa s 
r e l a t ed t o  the c o r r e s pond i ng v o l t a g e  p r oduced from t h e  
f r e quency c ondi t i oner b y  l i n e a r  r e g r e s s i on ( F i gure 1 3 ) . A 
t o ta l  o f  2 2  va l ue s  o f  mo t o r  s pe ed , f rom 1 7 0 0  rpm t o  1 7 9 0  
r pm , and the i r  c o r re s pond i ng vo l tag e s  was i nc l uded i n  the 
r e g re s s i on ( Append i x  I ) . A z e ro i nt e rc e p t  wa s f o rced and 
t h e  f o l l ow i ng r e l a t i on s h i p  b e twe e n  m o t o r  s peed and vo l tage 
s i gn a l  wa s obta i ned . 
S p e ed ( rpm ) = 3 5 7 . 8  * S 
r2 = 0 . 9 9 3  
wh e r e  S i s  the s i gna l f r om t h e  f r e qency c o ndi t i oner i n  
v o l t s . 
Th i s  r e l a t i on s h i p  was c o mb i n e d  w i t h  t h e  t o t a l  g e a r  
r educ t i on t o  the dr i ve whe e l ax l e s o f  3 0 1 6  t o  obta i n  t h e  
ax l e  s pe e d  i n  rpm . Two d i f f e r en t- whe e l  s i z e s  we r e  used i n  
t h e  c ou r s e  o f  the f i e l d t e s t s . R o l l i ng rad i i f o r  - the s e  
whe e l s  we r e  found b y  s l owl y t o w i n g  th e t oo l - frame i n  the 
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f i e l d  and mea s u r i ng the · d i s tance t rave r s ed b y  t e n  revo l u ­
t i on s  o f  th e whe e l s . The rad i i  w e r e  found t o  be 3 . 4 5 8  
m e t e r s  and 3 . 8 0 0  me t e r s  r e s pec t i ve l y , Th e s e  we re comb i � ed 
w i t h the e quat i on f o r  ax l e  s pe e d  t o  p r o v i de e qua t i on s  
g i v i ng va l ue s  f o r  g r ounds peed . �h � r e s u l t i ng equa t i on s  
f o r  t h e  s ma l l and large dr i v � whe e l s , a r e  g i ven by : 
S peedt  = O . ti 8 4. * S 
and , 
S pe ed2 = 0 . 7 5 2  * S 
wh e r e S pe �d i s  g i ven i n  em/ s e c , and S i s  the s i gnal from 
t h e  f r e quency c o nd i t i one r in vo l t s . 
Ac t u a l  groundspeed . Ac tua l g rounds peed was mo r e  
d i f f i c u l t  to measure . The th e o r e t i ca l  s peeds f o r  the t o o l ­
f rame we r e  de t e rm i ned t o  b e  l e s s  t han 4 c en t i me t e r s  pe r 
s ec o nd . Ac tua l s peeds wou l d  be s omewhat l e s s  than th e s e  
b e c au s e  o f  wh e e l  s l i p . A pre s s whe e l  f rom the c e n t e r  
p l ant i ng un i t  on the p l an t e r  w a s  u s ed as the s tar t i ng 
po i n t f o r  ac tual speed me asur ement . Th i s  whe e l  wa s u s e4 
t o  dr i ve the i nput s h a f t  o f  a f r e quenc y encode r . Becau s e  
t h e  angu l a r s peed o f  t h e  pre s s wh e e l  wa s s l ow , a s e r i e s  o f  
s p r oc k e t s  and sma l l ro l l e r  c h a i n  wa s u s ed t o  i nc re a s e  the 
s pe e d  from the g r ound dr i ve to t h e  i nput s h a f t  of the 
e nc oder ( F i gure 14 ) .  U l t i ma t e l y , one turn of the g round 
d r i v e wh e e l  produced 2 6  turns of t h e . e n c ode r i nput shaft . 
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An E ncode r Pr oduc t s  C o . mode l 7 1 1  f r equenc y enc ode r , 
p r o duc i ng 6 0  pu l s e s  f o r  each r e vo l u t i on o f  i t s i npu t 
s h a f t , wa s u s ed . A s ec o nd f r e quency condi t i oner , 
i de n t i ca l  t o  the one used f o r  t h e o re t i c a l  s pe e d  c a l c u -
l a t i on , was u s ed to c onve r t  a f r e quency range t o  . a de 
v o l t ag e  f o r  measu rement by t h e  data acqu i s i t i on s ys tem . 
Ca l i brat i on o f  th i s  appa rat u s  wa s s i m i l a r  t o  that o f  
t h e  t h e o re t i c a l  gro unds peed . An adj u s t abl e speed dr i ve 
mechan i sm wa s u s e d  to tu rn t h e  p l an t e r  pre s s  whee l  th rough 
a rang e of s pe eds at wh i ch i t  m i g h t  o p e r a t e  in the f i e l d . 
T h e  f r equency output o f  the e ncode r wa s measured by t h e  
s canne r , us i ng a o n e  s ec o nd g a t e  t i me , a s  w a s  the de 
v o l t a g e  outpu t  of the f r e quency c ond i t i o ne r ( Append i x  I ) . 
T h e  f r e quenc i e s  meas ured we r e  r e l a t e d  t o  the measured 
v o l t ag e s  in a l i near r e g r e s s i on ( F i gu r e  1 5 ) . Once aga i n , 
t h e  r e g re s s i on wa s f o rc e d  t h r o ugh z e r o  t o  i nd i c a t e  a s peed 
o f  z e r o  a t  a s i gnal v o l t ag e  of z e r o . W i th the g ea r  rat i o  
b e twe e n  t h e  encoder s h a f t  and the p r e s swh e e l ax l e  known , 
i t  was po s s i b l e  to u s e  t h e  f r e qu e n c y  meas ured t o  c a l c u l a t e  
t h e  s pe ed o f  the ax l e . The r e l a t i on s h i p  between frequency 
c o ndi t i on e r  output and ax l e  s peed i s  g i ven be l ow . 
Ax l e  s peed ( rpm ) = 1 . 5 6 * S 
r 2 = 0 . 9 9 8  
wh e r e  S i s  the frequency c ond i t i on e r_ s i gnal i n  vo l t s . 
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Onc e the g round wh e e l  ax l e  s p e e d  wa s known , a fac t o r 
r e p r e s ent i ng the ro l l i ng c i r c um f e renc e o f  the p r e s s wh e e l  
was i nc l uded i n  the e qua t i on s o  t h a t  ac tual s pe e d  o f  t h e  
f rame c o u l d  be de t e rm i ned . R o l l i ng c i rcum f e r ence wa s 
f o und i n  the f i e ld , wh i l e  p l an t i n g , t o  b e  1 4 0 . 2  em by 
mea s u r i n g  t h e  d i s tanc e t rave r s ed by t h e  wh e e l dur i ng 1 0  
r e vo l u t i on s . 
Groundspeed dur i n g c u l t i va t i on was meas ured by 
a t t ac h i ng that po r t i on o f  th e p l an t i ng un i t  conta i n i ng the 
p r e s s wh e e l and f r e quenc y  enc o de r  to the c u l t i va t o r  t oo l -
b a r . The 
r em e a s u r e d , 
ro l l i ng c i rcum f e r en c e  o f  the whe e l wa s 
i n  th i s  con f i g u r a t i on ,  and the new val ue o f  
1 2 5 . 6  em was u s ed t o  c a l c u l a t e  t h e  ac tua l  g r ounds peed 
dur i ng c u l t i va t i on . 
M o t o r  s ta t e s . The on - o f f  s ta t e  o f  t h e  dr i ve mo t o r s  wa s 
r e c o rded wi th each o f  the o th e r  m e a s u r em e n t s  s o  that wh en 
ana l yz i ng the da ta s e t s , i t  wo u l d  be po s s i b l e  to de t e rm i ne 
wh en , and i f ,  the mach i ne wa s t u rn i ng . I t  a l s o  pr o v i ded � 
r e c o rd o f  the t i me that t h e  t oo l - f r am e  s pe n t  i n  turn i ng , 
i n  mov i ng fo rward , and a t  r e s t . Th e s ta t e  o f  t h e  mo t o r s  
wa s de t e rm i ned by meas u r i ng t h e  v o l t a g e drop ac ro s s  the 
r e s pe c t i ve s w i tch i ng re l ays . Wi th n o  c u r r e n t  f l ow i ng to 
t h e  r e l ay c o i l ,  t h e r e  wou l d  be a z e r o  vo l t a g e  drop ac ro s s  
th e c o i l . W i th the c o i l  e n e rg i z ed ,  t h e r e  was a vo l tag e 
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d r o p  ac r o s s  the c o i l  o f  app r o x i ma t e l y  2 4 v  ac . A fu l l  
wave d i od e  r e c t i f i e r was em p l o y e d  i n  e ach mea s u r i ng 
c i rc u i t  to a l l ow the vo l t a g e  d r o p  t o  be measured as de 
( F i gu r e  1 6 ) .  
F i g u r e  1 6 . 
2 4 v a c 
R e I a y 
o n / o f f  a l g n a l  
The c i r cu i t u s ed t o  d e t e rm i ne the on / o f f  s tate . 
o f  a dr i ve mo t o r , w i th a f u l l wave rect i f i e r 
t o  a l l o w t h e  m e a s u reme n t  t o  be taken as a de 
v o l tag e . 
B o om - t o o l - f rame s eparat i on .  M e a s u r e m e n t  o f  the s epara-
t i on of th e t o o l - f rame and r e fe r e n c e boom wa s taken as a 
pa r t  o f  e ach l o o p  th rough the d a t a  r u n . A smal l s p r i ng 
l oaded pu l l e y , wo und wi th a f i ne c ab l e , was at tached to 
the s ha f t  of a 10 turn , 2 5  o h m , l i n e a r  p o t e n t i ome t e r . The 
c a b l e , pu l l e y , and po ten t i om e t er w e r e  mou n t ed at the top 
of a me tal r od tha t p r o j ec t ed v e r t i c a l l y  f r om the c e n t e r  
o f  t h e . t o o l - f r ame . A s e c o nd sm a l l  c ab l e  c o nnec t e d  the 
r e fe rence po i n t on the boom h o r i z on t a l l y ,  
wound apparatus on the t o o l - f rame . A s  
b e tween t h e  t o o l - frame and b o o m  c h anged , 
c ab l e  wou ld w i nd and unw i nd a s  nec e s s a r y  
c onne c t i ng cab l e  t a u t  wh i l e t u rn i ng t h e  
7 2  
t o  the s p r i ng 
the d i s t ance 
the pu l l e y  and 
t o  k e e p  the 
s h a f t  o f  t h e  
p o t en t i ome t e r  ( F i gure 1 7 ) .  The r e s i s tanc e  ac r o s s th i s  
po t e n t i ome t e r  wa s ca l i br a t ed t o  i nd i c a t e  s epara t i on o f  the 
t o o l - f rame and re ferenc e boom ( Appe ndi x  I ) . The da ta 
ac qu i s i t i on s ys tem wa s ab l e  t o  m e a s u re the r e s i s t anc e o f  
th e p o t en t i ome t e r  d i rec t l y , and t h e s e  va l u e s  o f  r e s i s t ance 
we r e  s t o red b y  the s ys t em and l a t e r  c onve r t ed t o  d i s tanc e s  
w i th the e qua t i on obt a i ned f r om t h e  l i ne a r  r e g r e s s i on . A 
c on s tant repre s ent i ng the l eng t h  o f  the c onnec t i ng cab l e  
was added . The e quat i on u s e d  b y  t h e  data acqu i s i t i on 
p r o g r am t o  c onve rt the mea s u r ed r e s i s t ance t o  d i s t anc e was 
g i ve n  b y : 
D = R * 5 . 0 7 3  + 2 1 6 . 7  
r 2 = 0 . 9 9 9  
wh e r e  D i s  the d i s tanc e b e twe en the t oo l - frame and the 
r e f e rence gant ry i n  cent i me t e r s  and R i s  the r e s i s t ance 
ac r o s s  the po t ent i ome t e r  in . ohms . 
0 p.. 
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F I a I C o  I I  S p r I n g 1 � rrn � 1 I j ' 1 j �� 
� r 0o4 ' ; t i - •' .. 
"i 
;:T 
0 
P l u m b  B a r  
( a t t a c h e d  t o  
c a b l e  c a r r i e r )  
Figure 17 . Transducer fo r tool-frame to reference boom sep arat ion cons isting o f"  rotory 
p otent iomet er , fl�t coil 
-
spring , pulley , and cables . ....... w 
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Ang l e  e r r o r . Measu remen t s  o f  t h e  angu l a r  o r i entat i on o f  
t h e  t o o l - frame t o  t h e  r e f e r en c e  b o om we r e  a l s o  made . Th e 
var i a t i on o f  the ang u l a r  p o s i t i on o f  the power c o rd 
c ondu i t , f rom an arb i t ra r y  r e f e r e n c e  po i nt was me a s u red . 
A s ma l l  g e ar was f i t t ed over t h e  l owe r e nd o f  the c ondu i t  
a nd f i x ed t h e r e . Ano th e r  s ma l l e r  g e a r  was at tach ed t o  th e 
s h a f t  o f  a 4 0  k - ohm , 1 - t u rn p o t e n t i om e t e r  prov i d i ng a 
2 : 1 rat i o  ( F i gu r e  1 8 ) .  M e a s u r e m en t s o f  the r e s i s t anc e 
o f  t h e  p o t en t i ome t e r  we r e  c a l i br a t ed aga i n s t  known angul a r  
i nc r emen t s  o f  t h e  c ondu i t  f o r  i n t e rva l s  o f  o n e  d e g r e e  
( Append i x  I ) . A l i near r e g r e s s i on p r oduc ed an equa t i on 
f o r  u s e  by the data ac qu i s i t i on p r o g r am . The f o l l ow i ng 
e qua t i on was u s ed t o  c onve r t  d i r e c t  mea s u r ement s  o f  
r e s i s t anc e t o  ang u l ar va l ue s : 
Ang l e  = ( R  I - 1 6 0 . ) 
r 2 = 0 . 9 9 9  
+ 2 4 . 3  
whe r e  t h e  ang l e  i s  g i ven i n  deg r e e s ,  and R i s  the mea s ured 
r e s i s t anc e ac r o s s  the p o t e n t i ome t e r . 
A s e t  o f  s i x  s t r i p  c h a r t r e c o rde r s  was u s ed dur i ng 
p l an t i ng t o  c on t i nuou s l y  mon i t o r  t h e  vo l tage and ampe rag e 
o f  t h e  t h r e e  phas e  powe r r e qu i r ed . T h e  i ns t rumen t s  u s e d  
w e r e  Gen e r a l  E l ec t r i c  mode l 8 CH AC / VOLT -AMP s t r i p  char t 
r e c o rde r s . Exam i na t i on o f  t h e  c h a r t s , a f t e r  p l an t i ng was 
c om p l e t ed , d i d  n o t  i nd i ca t e  l a r g e  e n ou g h  var i a t i on s  i n  the 
v o l t a g e  o r  c u r r ent , over the l en g t h  of t i me repre s ent i ng a 
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data run , t o  war rant t h e i r  re - i � s t a l l at i on f o r  cu l t i va t i on 
powe r measur ement s .  I n s t e ad , . h a ndh e ld i n s t rume n t s  were 
u s e d  t o  samp l e  the s e  parame t e r s . A h and h e l d  S o l a r  mode l 
ME 5 3 0 d i g i t a l  mu l t i me t e r  was u s ed t o  ba l ance the s t r a i n  
g au g e  b r i dg e  c i rcu i t , and a l s o  t o  mon i t o r  and reco rd phas e 
v o l t ag e s  dur ing cu l t i vat i on and d r a f t  t e s t s . A hand h e l d , 
S imps o n  Amp-C l amp mode l 2 9 6 - 2  amme t e r  was u s ed t o  mea s u r e  
t h e  c u r r e n t  drawn b y  each ph as e d u r i ng c u l t i va t i on and 
d r a f t  t e s t  runs . A Drane t z  mode l 3 1 4  d i g i t a l  phas e me t e r 
was u s ed a t  t h e  conc l us i on o f  t h e  dat a  r un s  to mea s u r e  the 
pha s e  ang l e  on each o f  the s ys t e m  pha s e s  f o r  e ach o f  t h e  
t h r e e  po s s i b l e  mo t o r  c omb i na t i o n s . 
The s o i l  pa rame t e r s  o f  i n t e rn a l  f r i c t i on ang l e , s o i l 
c oh e s i on , s o i l  t o  m e t a l  f r i c t i o n ang l e , and s o i l  t o  m e t a l  
a dh e s i on , we r e  meas ured w i th a C o h r o n  S hearg raph mode l D -
2 5 0 . A E u l i ng samp l e r  was u s ed t o . t a k e  s o i l s amp l e s  fo r 
d e t e rm i na t i on o f  s o i l bu l k  d e n s i ty .  
Preparat i on o f  data 
D a t a  pe r ta i n ing to path accuracy wa s ava i l ab l e  as 
l og g e d  rad i i .  Th i s  i nc o rma t i on was s ub s e quent l y  u s ed t o  
c a l cu l a t e  the d i f f e re nc e  b e tw e e n  r a d i i c o r r e s pond i ng t o  
s uc c e s s i ve r e vo l u t i ons o f  t h e  s ys t em ( Append i x  B ) . The 
means of the advanc e  i n c r emen t s  f o r  p l an t i ng , cu l t i va t i ng , 
a nd operat i ng w i thout an i mp l emen t , w e r e  l at e r  compare d . 
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E s t i ma t e s  o f  the ene r g y  r e qu i r ed t o  pe r fo rm an ope r a ­
t i on we r e  made by d i v i d i ng t h e  t o t a l  ene rgy c onsumed i n to 
three pa r t s . Th e f i rs t  was t h a t  e n e r g y  c o n s umed wh en o n l y  
t h e  r e f e renc e  s ys t em dr i ve mo t o r  w a s  runn i ng . T h e  s e c ond 
was t h e  energy c on s umed wh e n  t h e  t o o l - fram e  was turn i ng 
and two m o t o r s  we r e  runn i ng . T h e  th i rd was the ene rgy 
u s ed du r i ng t h e  t ime wh en the t o o l - f r am e  was mov i ng ah e ad 
a nd a l l  t h r e e  o f  the s ys t e m  m o t o rs we r e  runni ng . Energy 
for e ac h  of th e s e  frac t i o n s  was de t e rm i ned by cal c u l at i ng 
t h e  produc t o f  v o l tage , c u r r e n t , powe r fac t o r , and t i me 
for e ac h  of the three s y s t em pha s e s . The t o ta l  e n e r g y  
u s ed fo r a n  opera t i on w a s  e qu a l  t o  t h e  doub l e  summat i on o f  
th e e n e r g y  u s ag e  ove r t h e  t h r e e  phas e s , and t h e  t h r e e  
mo t o r  c ondi t i on s . ( Append i x  E ) . 
Ove r a l l e f f i c i ency o f  t h e  s ys t em wa s c a l c u l at e d  b y  . 
d i v i di ng t h e  work done by t h e  s ys t�m in t o  t h e  tot a l  e n e r g y  
e x p e nded t o  c omp l e t e  t h e  ope r a t i on . W o r k  done wa s f ound 
as t h e  p r oduc t of dra ft and d i s tance t rave r s ed by the t o o l 
f r ame t o  pe r f o rm t h e  ope ra t i on . B e f o r e  the s e  c a l cu l at i on s  
c ou l d  be made , i t  wa s n ec e s s ar y  t o  d e t e r m i n e  t h e  
appropr i a t e  va l u e s  o f  vo l t ag e , c u r r en t , t i me , dra f t , and 
d i s t ance f o r  the d i f fe r ent ph a s e s  and m o t o r  comb i na t i on s . 
Va l ue s  r e pre s ent i ng t h e  vol t ag e  b e twe e n  each o f  t h e  
s ys t em pha s e s  and g round w e r e  obta i ned f r o m  rec o rd i ng 
c ha r t s  a t  2 3  i n t e rval s ,  each r e p r e s en t i ng one -hal f hour o f  
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operat i o n . Mean vol tag e s  and s t andard dev i a t i on s  w e r e  
c a l c u l a t e d  f r om th e s e  s amp l e s _ ( Append i x  D ) . 
Va l u e s  o f  current drawn b y  each pha s e  we r e  a l s o  ob­
ta i ne d  f r om r e c o rded cha r t s .  C u r r e n t s w e r e  r e c o rded f o r  
e ac h  o f  the t h r e e  opera t i ng mod e s o f  the s y s t e m . D i f fe r ­
e n t  l e ve l s  we r e  obt a i ned f o r  each o f  th e cond i t i on s  o f  
s t r a i gh t  fo rwa rd operat i on , t ur n i ng , and operat i on o f  th e 
r e f e rence s y s tem onl y .  Va l u e s  r e p r e s e n t i ng the mean 
l e ve l s  over an i n t e rval of 3 0  t o  6 0  m i nu t e s  were reco rded 
f o r  each of the t h r e e  p o s s i b l e  c o n d i t i o n s , wh e r e v e r  the y 
w e r e  c l e a r l y  v i s i b l e  on t h e  c h a r t s . The s e  va l ue s  we r e  
r ec o rded f o r  each phas e o f  t h e  s y s t e m  and means c a l c u l ated 
for each s ampl e .  Sampl e s i z e s  var i ed f r om 8 to 1 1  po i n t s  
pe r pha s e /mo t o r  comb i nat i o n bec a u s e  c u r r e n t s  we r e  not 
a l ways d i s c e rnab l e  on the char t r ec o rd i ng s  for a l l three · 
l e ve l s  ( Append i x  D ) . 
Oth e r  i n fo rmat i o n  p e r t i n e n t  to the ene rgy 
c a l cu l a t i ons , as we l l  as dra f t  m e a s u r emen t s , wa s conta i ne d  
i n  t h e  f i l e s  c r eated by the data acqu i s i t i o n prog ram on 
mag ne t i c  tape . Data from th e s e  t ape s we r e  removed w i th 
t h e  a i d  o f  an HP 8 2 1 6 9 A  i n t e r fac e t o  t e x t  f i l e s  l ocated on 
f l oppy d i s c s . A t yp i ca l  f i l e  c o n t a i ned t h e  s e ven 
m e a s urands and the t i mes c o r r e s po nd i ng t o  the measur ement 
l oo p s  in s e parate c o l umns ( Tab l e  2 ) . The s e  f i l e s  we r e  
s ub s e quen t l y  l o aded i n t o  a s p r e ad s h e e t  f o r  man i pu l a t i on 
Tabl e 2 .  S amp l e  po r t i on o f  a da t a  acqu i s i t i on f i l e . 
gantry- tool  f rame angle  l e f t  r i ght  theo . ac tual  draf t t i111e 
separat i o n .  error  motor motor  speed speed 
(CIR) (degrees) on/off o n/off (em/sec) (era/sec) (N) (seconds) 
332 . 69 7 . 37 0 .  0 .  . 00 . 00 559 . 20 1 . 6 3  
335 . 37 7 . 4 3  0 .  0 .  . 00 . 00 554 . 78 3 . 22 
335 . 37 7 . 42 0 .  0 .  . 00 . 0 0  548 . 1 5 4 . 82 
337 . 7 1  7 . 43 0 .  0 .  . 00 . 00 56 L 41 6 . 4 1 
340 . 60 7 . 43 0 .  0 .  . 00 . 00 546 . 8 1  8 . 0 1 
3 4 1 . 5 1 7 . 1 8 1 .  1 .  3 . 45 2 . 36 8 5 1 . 05 9 . 6 1 
34 1 . 66 6 . 45 1 .  1 .  3 . 38 2 . 96 900 . 43 1 1 . 21 
34 1 . 1 1 6 . 58 1 .  1 .  3 . 39 2 . 68 843 . 46 1 2 . 80 
340 . 65 6 . 62 1 .  1 .  3 . 39 2 . 90 8 1 0 . 32 1 4 . 40 
339 . 79 6 . 59 1 .  1 .  3 . 39 2 . 48 736 . 06 1 6 . 00 
339 . 64 6 . 6 7  1 .  1 .  3 . 39 2 . 84 6 70 . 16 1 7 . 59 
338 . 37 6 . 72 1 .  1 .  3 . 39 3 . 1 6 660 . 65 1 9 . 1 9 
336 . 34 7 . 1 7 1 .  1 .  3 . 39 2 . 92 736 . 35 20 . 79 
334 . 5 1  7 . 1 8 1 .  1 .  3 . 39 3 . 06 686 . 78 22 . 39 
334 . 3 1 7 . 43 1 .  1 .  3 . 39 2 . 92 658 . 05 23 . 99 
330 . 86 8 . 03 1 .  1 .  3 . 39 2 . 66 803 . 2 1 25 . 59 
327 . 4 1 8 . 5 1 1 .  1 .  3 . 39 1 .  92 687 . 55 27 . 1 8 
326 . 70 7 . 40 1 .  0 .  3 . 39 1 . 42 797 . 06 28 . 78 
326 . 7 5 6 . 45 1 .  1 .  3 . 39 2 . 52 908 . 2 1 30 . 38 
323 . 20 7 . 42 1 .  1 .  3 . 39 2 . 55 86 1 . 14 35 . 1 7 
3 2 1 . 68 7 . 78 1 .  1 .  3 . 45 3 . 04 746 . 05 36 . 76 
3 2 1 . 37 8 . 1 5  1 .  1 .  3 . 39 2 . 96 732 . 12 38 . 36 
3 1 9 . 95 8 . 1 4  1 .  0 .  3 . 39 1 . 53 589 . 94 39 . 96 
3 1 9 . 39 6 . 4 1 1 .  1 .  3 . 39 3 . 16 549 . 21 4 1 . 56 
3 18 . 1 3 6 . 57 1 .  1 .  3 . 39 2 . 73 607 . 1 4 4 3 . 1 5 
3 1 5 . 1 8  7 .  0 2  - 1 .  1 .  3 . 39 2 . 75 742 . 88 44 . 7 5 
3 1 1 .  48  7 . 42 1 .  1 .  3 . 39 3 . 13 783 . 90 4 6 . 35 
3 1 0 . 1 1 7 . 78 0 .  0 .  . 0 1  . 00 626 . 35 4 7 . 95 
309 . 86 7 . 7 7  0 .  0 .  . 00 . 00 590 . 33 49 . 55 
3 1 2 . 39 7 . 78 0 .  0 .  . 00 . 00 593 . 1 1 5 1 . 1 5 
3 1 3 . 97 7 . 78 0 .  0 .  . 00 . 00 574 . 67 52 . 74 
3 1 5 . 84 7 . 78 0 .  0 .  . 00 . 00 581 . 68 54 . 34 
3 19 . 70 7 . 42 0 .  0 .  . 00 . 00 586 . 87 55 . 93 
3 2 1 �37  7 . 42  0 .  0 .  . 00 . 00 584 . 95 57 . 53 
325 . 13 7 . 43 0 .  0 .  . 00 . 00 569 . 10 59 . 1 3 
326 . 40 7 . 43 0 .  0 .  . 00 . 00 573 . 23 60 . 73 
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and ana l ys i s . Each o f  t h e  dynam i c  m e a s u rands , a s  rec o rd�d 
by the data ac qu i s i t i on prog r am , wa s p l o t t ed aga i n s t  t i me . 
T h e s e  p l o t s  were r e v i ewed f o r  ano ma l i e s o r  i nc o n s i s t enc i e s  
b e fo r e  any anal ys i s  wa s d o n e . T yp i ca l  p l o t s  f o r  each o f  
t h e  m e a s u rands f r om a t yp i c a l  dat a  run are g i ven i n  
F i g u r e s  1 9  th r ough 2 2 . A s umma r y  o f  th e s e  da ta f i l e s  i s  
c o n t a i ned i n  Appe nd i x  F .  
Exam i nat i on o f  t h e  p l o t s  r e pre s e n t i ng ac tua l 
g r o unds peed i nd i cated a numb e r  o f  po i n t s  at wh i c h  the 
ac tua l  g r ounds pe ed mome nt ar i l y e x c e eded the t h e o r e t i c a l  
s pe e d . S i nc e th i s  i s  an unl i ke l y , i f  n o t  i mpos s i b l e , 
s i tua t i on , the s ys t em f o r  mea s ur i ng ac tual g r ounds pe e d  was 
r e v i ewed , and s ome l i m i ta t i o n s  o b s e rved . The cha i n  and 
s pr o c k e t  s ys t e m  that wa s u s ed to i nc r e a s e  the s peed of the 
i nput shaft o f  the f r e quency encode r f r om the g r ound dr i ve . 
wh e e l  c o n t a i ned a sma l l  amoun t · o f  s l ac k . I n  a s t eady 
s ta t e  t e s t , a s  in  the l ab o rat o ry c a l i brat i on o f  the 
s ys t e m , th i s  s l ack in t h e  cha i n s  d i d  n o t a f fe c t  the s y s tem 
no t i c eab l y . I n  the f i e l d , howeve r ,  any f r e edom o f  mo t i on 
i n that mechan i sm t ended t o  p r oduc e an i n t e rm i t te n t  s ur g e  
a n d  l ag i n  t h e  s pe ed o f  t h e  i npu t s h a f t t o  the frequency 
encode r . The r e s u l t wa s an o cc a s i on a l  i nd i cat i on of an 
actual g r ounds peed in exc e s s  o f , . or far be l ow , the t h e o -
r e t i ca l  g r ound s pe ed . The p r ob l em was ac c e ntua t ed dur i ng 
t h e  cu l t i vat i on ope ra t i on , whe n  t h e  g r o und dr i ve wh e e l wa s 
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n o  l on g e r  c onnec t ed t o  t h e  h � rb i c i de app l i ca t o r  o r  t o  t h e  
p l an t e r  p la t e  mechan i sm . I t  w a s  be l i eved that the s e  
prov i ded a damp i ng e f fe c t  o n  t h e  mo t i on o f  the pre s s  wh e e l  
and s uppr e s s ed s u r g e s  i n  t h e  cha i n  dr i ve s . As a r e su l t  o f  
t h e  s u r g e s , the measu reme n t s  o f  ac tua l g r ounds peed we r e  o f  
que s t i onab l e  r e l i ab i l i t y o n  a n  i n s t antaneous ba s i s . I t  
was , h oweve r , be l i eved that t h e  m e an o f  the measured 
s pe ed s  ove r a data run wou l d  b e  a r e l i ab l e  i nd i cat o r  o f  
t h e  ac t ua l  g r ound s pe ed du r i ng that da t a  run . 
Data i nd i ca t i ng the s ep a ra t i on o f  t h e  re fe r e nc e boom 
and t o o l - f rame c on ta i ned o c c a s i on a l  anomal ous s p i k e s . 
T h e s e  data we re n o t , u l t i ma t e l y , r e qu i r ed for the ana l y s i s  
o f  path accurac y o r  e f f i c i enc y c a l c u l a t i o n s , and the 
appa r e n t  no i s e wa s obv i o u s  and i s o l a t ed e nough to a l l ow i t  
t o  b e  re moved i f  the data had be e n  n e eded . No o t h e r · 
obv i o u s  i r r eg u l ar i t i e s were ob s e rved i n  the reco rded da ta . 
E s t i ma t e s  o f  the s ys tem e n e r g y  u s ag e  and e f f i c i ency 
r e qu i red i n f o rma t i on r e gard i ng s pe e d  and dra f t  f o r  the 
t o o l - f rame in s t ra i gh t  l i n e  o p e r a t i on ,  a s  we l l  a� 
operat i on s  that i nc l uded t u rn c o r r e c t i on s . Al s o  requ i red 
we r e  e s t i ma t e s  o f  the po r t i on o f  the o p e ra t i ng t i me that 
the t oo l - f rame spent t u rn i ng . A l l of th i s  data wa s 
e x t rac t e d  from the data f i l e s  c re a t ed by the da t a  
a c qu i s i t i on s y s t em . The on - o f f  s ta t e  o f  the l e f t  and 
r i gh t  s i de dr i ve mot o r s  wa s i nd i c a t e d  by a one or a z e r o  
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i n  the c o r r e s pond i ng c o l umn o f  the f i l e ( Tabl e  2 ) . A ope 
i nd i c a t ed the " on "  s ta t e  wh i l e a z e r o  i nd i cated the " o f f "  
s t a t e . Th e s e  i nd i c a t o r s  we r e  u s e d  to create two 
add i t i on a l  s e t s  o f  f i l e s . Th e f i r s t  was a dup l i ca t e  o f  
the o r i g i na l  f i l e s , wi th t h e  e x c e p t i o n that a l l rows o f  
data i n  wh i c h  b o th dr ive mo t o r s  w e r e  i nd i cated t o  be o f f  
were exc l uded . The r e s u l t  was a data s e t  i n  wh i ch the 
t o o l - f rame wa s i n  con t i nuous mo t i on ,  i nc l ud i ng turns . A 
s e c ond a l t e rn a t e  type o f  f i l e was g en e rated by c opy i ng the 
f i r s t  dup l i ca t e , wh i l e exc l ud i ng rows of da ta i n  wh i ch the 
t o o l - f rame wa s i nd i cated to be t u rn i n g . Th i s  prov i ded a 
data s e t  con s i s t i ng o f  c on t i n u o u s  s t r a i gh t  l i ne mo t i on o f  
t h e  t o o l - f rame and i mpl emen t . 
Mean va l u e s  o f  dra f t , t h e o r e t i c a l  s peed , and ac tual 
g r ounds peed we r e  c a l c u l a t e d  over the fu l l  l e ngth of the · 
f i l e s  repre s en t i ng cont i nu o u s  runn i ng , i nc l us i ve o f  
turn i ng , f o r  each o f  the data runs f o r  p l an t i ng and 
c u l t i va t i ng . Th i s  procedure wa s r e pe a t ed for the f i l e s  
r e pr e s en t i ng c ont i nuous s t ra i gh t  l i n e  runn i ng . 
The f o l l ow i ng procedure wa s u s ed to de t e rm i ne the 
f r ac t i on of the run n i ng t im e  tha t was s pe n t  turn i ng . The 
numb e r  o f  da t a  l o ops in wh i ch t h e  mach i ne was found t o  be 
t u r n i ng was counted f r om e ac h  - o f  the f i l e s repre s e n t i ng 
c o n t i nuous run n i ng , i nc l u s i v e  o f  t u r n s . Th i s  numbe r wa s 
d i v i ded by the t o ta l  numbe r o f  l o o p s  i n  the s ame f i l e . 
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T h e  r e s u l t i ng quo t i en t · r ep r e s en t ed t h e  frac t i on o f  the 
t o ta l  runn i ng t i me f o r  t h e  t o o l - f r ame that was dev o t e d  t o  
t u rns . Th i s  frac t i on wa s a func t i on o f  the rad i us a t  
wh i c h  t h e  t o o l - f rame wa s o pe r a t i ng . Smal l er rad i i 
r e qu i r ed more frequent t u r n s  and a l ar g e r  po r t i o n o f  t o t a l  
r u n  t i me devo t ed t o  t h em . To d e t e rm i n e  t h i s  r e l at i on sh i p , 
each data run wa s as s o c i a t e d  w i t h  a pa i r  o f  radi i t h a t  
we r e  me a s u re d  a l ong t h e  r e f e re nc e  boom . One val ue wa s 
mea s u r e d  at t h e  s t a r t  o f  each run , and one at the 
c onc l u s i o n . The mean o f  t h e s e  two r ad i i was a s s oc i a t e d  
w i th the f r ac t i on o f  t i me s p e n t  t u rn i ng , f o r  t h e  
c o r r e s po nd i ng data r u n  ( Append i x  C ) . An exponent i a l  c u rv e  
was f i t  t o  the r e s u l t i ng pa i r s o f  data ( F i g u r e  2 3 ) . T h e  
r e l a t i on s h i p  be tween pe rcen t ag e  o f  t i me s pent turn i ng and 
b o om r ad i u s , for p l an t i ng , wa s g i ve n  by : 
y = 5 5 . 9 4 * e- · 1 1 6 M  
r2 = . 9 8 3  
wh e r e  Y i s  the percen tage o f  t o o l - f rame run t ime spent 
t u rn i ng and M is  the ope r a t i ng rad i u s  in me t e r s . I n  t h i s  
c a s e , r i s  t h e  c o r re l a t i on c o e f f i c i en t  f o r  ln ( %  t i me 
turn i ng ) r e g r e s s ed on M .  Th i s  r e l at i onsh i p  a l l ows a 
. Pred i c t i o n o f  the turn i ng t i me i f  t h e  rad i u s  and t o t a l  
r unn i ng t ime a r e  known . 
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The fo l l ow i ng proc edure was u s ed t o  de t e rm i ne the 
t o t a l  t oo l - frame runn i ng t i m e  du r i ng e ach of the s ys t em ' s 
r e vo l u t i ons . The d i s tanc e t rav e r s ed by the to o l - frame 
du r i ng e ach of i t s  r e vo l u t i on s  wa s d i v i ded by the mean 
s peed o f  the to o l - f rame a t  tha t app r o x imate rad i u s . · T h e  
pa th f o l l owed by the t o o l - f rame wa s that o f  an arch i m i dean 
s p i ra l , for wh i c h  the t o t a l  arc l e n g t h  i s  g i ve n  by : 
L = 1 I 2 * k * ( e * ( 1 + 62 ) 1 I 2 + s i nh- 1 e ) 
whe re L i s  t o t a l  arc l eng th i n  me t e r s , e i s  the cumu l a t i ve 
ang l e  i n  rad i ans , k i s  t h e  parame t e r  o f  the s p i ra l  g i ve n  
by k = a/ 2 ,  and a i s  the change i n  r ad i u s i n  a c ompl e t e  
revo l u t i o n . I n  th i s  case , t h e  advanc e ,  a ,  was known f r o m  
meas u reme n t s  on the r e f e rence b o om . From th i s , k was · 
c a l c u l a t e d . The e quat i o n  o f  t h e  s p i ra l  was g i ven _ b y  
r = k * e ,  wh e re r i s  t h e  s p i ra l  radi u s . Hav i ng measured 
th e s ta r t i ng rad i u s , ro , i t  was p o s s i b l e  t o  f i nd the 
s t ar t i ng ang l e , eo , and t h e  i n i t i a l  arc l eng th . Va l u e s  f o r  
t h e  l e ng t h s  o f  the pa th f o r  s u cc e s s i v e revo l u t i on s  we r e  
f ound by i nc r eas i ng e by 2w , c a l cul at i ng L ,  and 
s ubtrac t i ng the prev i o us t o t a l  f o r  arc l e ng t h . To· f i nd the 
t oo l - frame runn i ng t i me f o r  t h e  r ev o l ut i on ,  t h e  path 
l en g t h  c o r r e s pond i ng t o  a n  i nd i v i dua l rev o l u t i on o f  t h e  
s ys t em wa s d i v i ded by the mean s pe e d  c o r respond i ng t o  t h e  
0.0 L' m 
6 1 0  1 4  1 8  22 
Spiral Radius (meters) 
30 
Figure 2 3 .  Regress ion line relat ing percentage o f  tool-frame running t ime spent :tu�ing � t o  �he . 
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· Q) (X) 
9 0  
average rad i u s du r i n g · t h e  r e vo l u t i on . The average rad i u s 
du r i ng th i s  s egment o f  t h e  s p i ra l  wa s u s ed , w i th the 
re l a t i on s h i p  deve l oped e a r l i e r , t o  de t e rm i ne what po r t i on 
o f  t h e  runn i ng t i me was s pe n t  t u r n i ng and what po r t i on was 
s p e n t  mov i ng fo rwa rd . Va l u e s  o f  a rc l eng th , runn i ng t i me , 
and p e r c e n t  t i me s pe n t  turn i ng , a r e  g i ven f o r  b o t h  
p l an t i ng and cu l t i vat i on oper a t i o n s  i n  append i x  C .  
T h e  t o t a l  l en g th o f  t i me that t h e  r e f e r e nce s ys tem 
s pe n t  runn i ng , and u l t i ma t e l y , the l e ng th o f  t i me requ i r e d  
t o  c o mp l e t e an operat i o n , wa s de t e r m i n ed by the s peed o f  
t h e  r e fe r enc e boom and t h e  numb e r  o f  rev o l u t i on s  r e qu i r e d  
t o  c o v e r  t h e  p l o t . Measureme n t s  o f  th e t ime requ i red b y  
t h e  b o om t o  mak e a c ompl e t e  r e vo l u t i on we re tak e n , and the 
i nt e rval wa s fo und to be 7 5 m i nu t e s  p e r  revo l u t i on . 
Near t h e  end o f  the p l an t i ng o pe ra t i on i t  wa s appa r - · 
e n t  that the t o o l - frame s pe ed was n o  l o nge r  s u f f i c i en t  t o  
ove r t a k e  t h e  re ference b o om a s  r e qu i r e d . T o  a l l ev i at e  
th i s  p r ob l em , t h e  s l i gh t l y  l ar g e r  d r i ve whe e l s  o f  the 
re f e r e nc e  boom towe r were exchanged wi th t h e  d r i ve whe e l s  
o n  t h e  t o o l - f rame . Th i s  r e duced the s peed o f  the 
re fe rence s ys t em wh i l e i nc re a s i ng t h e  s pe ed of the t o o l  
f r ame . T h e  t i me r e qu i red f o r  t h e  re fe rence s ys t em t o  
c omp l e te t h e  e l even revo l u t i on s  · wa s 1 3 . 7 5 hours and 1 5 . 1 1 
_ h o u r s , r e s pec t i ve l y , f o r  the l a r g e  and smal l wh ee l s . Th e 
f o rme r va l ue was u s e d a s  the r e f e r e nce s ys tem run t i me f o r  
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p l an t i ng , s i nc e  that s e t  o f  wh e e l s  was u s ed f o r  nea r l y  t h e  
e n t i r e p l an t i ng opera t i on . . T h e  l a rge r va l ue wa s u s ed a s  
t h e  r e f e r ence s ys tem r u n  t i me f o r  c u l t i va t i on , s i nc e  t h a t 
s e t  o f  whe e l s  wa s i n  pl ace f o r  t hat operat i on . 
T h e  d i f f e r enc e be twe e n  t h e s e  t i m e s  and the s umma t i on 
o f  t h e  t o o l - frame runn i ng t im e s , s ummed over t h e  1 1  
r e vo l u t i ons , repre s ented the t o t a l  t i me that the r e f e r e n c e  
s ys t em r a n  a l one f o r  e a c h  o p e r a t i on . 
To p e r a t i o n - Ts t r a i g b t - Tt u r n i n g  = T r e f  o n l y 
T o t a l  energy r e qu i red f o r  an o p e ra t i on by e ach powe r 
pha s e  was found a s  the s um o f  t h e  p r oduc t s  o f  vo l tag e , 
c u r r e n t , power fac to r , and t i me , f o r  e ach o f  t h e  t h r e e  
p o s s i b l e  mo t o r  c ondi t i on s . Onc e t h e  t i me s f o r  t u rn i ng , . 
f o rwa rd r unn i ng , and re f e r e nc e  s ys t em r unn i ng a l one , we r e  
known ; i t  wa s po s s i b l e  to make e n e rg y  c a l c u l at i on s  f o r  the 
p l an t i ng ope r at i on and the c u l t i va t i on o pe ra t i on by u s i ng 
t h e  appropr i a t e  va l u e s  o f  vo l tag e and c u r r e n t  f o r  th� 
�p e r a t i on ( Tab l e  E . 1 ) . 
T o ta l  work produc e d  by t h e  s ys te m  du r i ng an opera t i on 
wa s found a s  the produc t o f  t h e  m e an dra f t  f o r  the e n t i r e  
o p e ra t i on and t h e  t o ta l  d i s tanc e · t ra v e r s ed by the t o o l 
f r ame and i mpl ement dur i ng t h e  o p e r a t i on . That d i s tanc e 
wa s found by s umm i ng t h e  a rc l eng t h s  . f o r  t h e  1 1  revo l ut i on s  
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o f  the s ys tem . 
Energy c onsumpt ion and e ff i c i ency o f  a c onvent i onal sys tem 
An e s t i mate o f  the e n e r g y  c o n s ump t i on and e f f i c i ency 
of c onven t i onal crop o pe rat i o n s  was u s e d  as a compara t i ve 
e va l ua t i on o f  the 
mechan i z a t i o n s ys t em . 
e n e r g y  r e qu i reme n t s  
e l e c t r i c  t oo l - f rame and s p i ra l 
S t e ph e n s , e t  a� . ( 1 9 8 1 ) s tudi ed 
for t i l l ag e  and p l an t i ng opera t i ons . 
They f ound an ene rgy consumpt i on r a t e  o f  4 6  kWh / ha f o r  a 
John D e e r e  4 6 4 0  d i e s e l  t r ac t o r  and J ohn De e r e 7 0 0 0  Max ­
Eme r g e  p l ant e r . The c omb i nat i o n wa s ope r a t ed at a speed o f  
2 . 5  m / s wh i l e  l o ad e d  w i th s e e d , f e r t i l i z e r , and 
i n s e c t i c i de . P l ant ing de pth wa s 2 . 5  cent ime t e r s  and t h e  
s o i l wa s a s i l t l oam .  The p l ant e r  w a s  an e i gh t  row un i t  
w i th a row s pac i ng o f  . 7 6 2  me t e r s . Th e s e  parame t e r s  we re · 
no t un l i ke tho s e  us ed for t h e  s p i ra l  mechan i z a t i on s ys t em 
w i th the excep t i o n o f  the o p e r a t i ng s pe e d . D r a f t  mea s u r ed 
fo r the above f i e l d s pe ed was 1 1  k N . A s i m i l a r  ana l ys i s  
o f  a J ohn D e e r e  8 3 0 row c r o p  c u l t i va t o r  found an e n e r g y  
c o n s umpt i o n  rate o f  4 5  
o p e r a t e d  a t  a s peed o f  
kWh / h a . T h e  
7 . 6 k m / h r  a t  
cul t i va t o r  
a depth 
wa s 
o f  
5 c e n t i m e t e r s  i n  a sandy l oam . Cu l t i va t o r  gangs cont a i ned 
f i ve " S "  t i n e s , s i m i l a r  t o  t h e  ·c o n f i gu rat i on · u s ed by the 
.e l ec t r i c  t oo l - f rame s y s t em . D r a f t  f o r c e  measured was 
9 k N .  
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Each o f  t h e s e  i mp l em e n t s  wou ld h ave requ i red 1 6 4 0  
m e t e r s  o f  l i near o pera t i on t o  c o v e r  an area o f  one 
h ec ta r e . The produ c t  of t h a t  d i s t anc e and the measured 
dra f t s  provi ded an e s t i ma t e  of the energy requ i re d  at th e 
d r awbar by th e oper at i o n f o r  o n e  h e c t a r e . When t h i s  v a l u e  
w a s  d i v i ded i n to the pe r h e c t a r e  f u e l e n e r g y  consumpt i on 
r a t e , t h e  r e s u l t  was an ove r a l l drawbar e n e rg y e f f i c i en c y  
f o r  t h e  o pe r a t i on . Th i s  e f f i c i en c y  value wa s r e ad i l y  
c omparab l e  t o  a s i m i l a r  mea s u reme n t  o f  e f f i c i ency for t h e  
s p i r a l  mechan i z a t i on s y s t em . 
The meas u r ed e n e r g y  s eque s t e r e d  i n  a l i t e r  o f  t h e  
d i e s e l  fue l u s ed i n  t h e  S t ep h e n s , e t  a l . ( 1 9 8 1 ) s t udy , wa s 
1 0 . 8 4 k Wh r , o r  3 9 . 0 2 4  MJ . The s e  va l u e s  we r e  u s ed i n  t h e  
c a l u l a t i on o f  per h e c t a r e  f u e l c o ns umpt i on a n d  pe r h e c t a r e  
fue l c o s t s . F o r  cons i de ra t i on o f  t h e  t o t a l  ene r g y ­
r e qu i red by a s ys t em t o  p e r fo rm an ope rat i on , t h e  pe r 
h ec t a r e  ene rgy r e qu i reme n t s  f o und i n  the S t eph ens , e t  a l . 
s tudy were d i v i ded by . 8 2 3  to r e f l ec t  t h e  energy c o s t  o f  
p roduc i ng the fue l ( F l uc k  and B a i r d , 1 9 8 4 ) . 
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Draft mode l pred i c t i on s  
T h e  d ra f t  mode l of McKye s ( 1 9 8 5 ) , was to be t e s t ed 
a ga i n s t  t h e  me asured val ue s o f  d r a f t  f o r  the cul t i va t i on 
o pe r a t i on . The pre d i c t i on e qua t i on f o r  hor i z o n t a l  dra f t  
was g i ve n  by : 
H = Ps i n ( o  + o )  + C a dwc o t o  
and 
P = ( rgd2 NG + cdNc + qdN q + c a dN c a  ) w  
The va l ue s  o f  th e s o i l pa ram e t e r s  c , ca , . , and 6 we r e  
meas u r ed w i th a Coh ron s he a r g r aph i n  t h e  f i e l d . Val u e s  o f  
u l t i m a t e  s h e a r  s t re n g t h  we r e  u s e d , a s  i nd i c ated o n  t h e  
g raph s , t o  e s t i ma t e  c o h e s i on , c ,  and s o i l  i n t e rna l 
f r i c t i o n ang l e , • ·  The ave rag e v a l u e  o f  c and • f o r  t h e · 
e i gh t  s h e ar t e s t s  taken was u s ed f o r  t h e  mode l . The v a l u e  
o f  • fo und wa s 4 2 . 3  deg r e e s . T h e  c o h e s i on va l ue , c ,  f ound 
wa s 7 . 1 7 kPa . Th e ave rage of the va l u e s  ob t a i ned for s o i l 
t o  me t a l  f r i c t i on ang l e , 6 o f  2 0 . 8  d e g r e e s  was u s ed . The 
i nd i c a t e d  va l u e s  o f  s o i l t o  me t a l  adh e s i on were i n  exc e s s  
o f  t h e  theo r e t i ca l  l i m i t , c ,  f o r  t h e  s o i l  and meas u r i ng 
i n s t rumen t . Th i s  adh e s i on va l u e  was n o t  i n  propo r t i on t o  
t h e  o t h e r  s o i l  parame t e r s . T h e  adh e s i on va l u e s  we r e  
a s s umed t o  b e  e r r oneous a n d  an a l t e rnate e s t i ma t e  o f  
adh e s i o n wa s made . A va l ue o f  adh e s i o n e qua l t o  o n e  h a l f 
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o f  t h e  s o i l  coh e s i on wa s a s s umed for the mode l . Th i s  
a s s umpt i on was used prev i o u s l y  by G r i s s o , e t  a l . ( 1 9 8 0 ) , 
and h ad been approx i ma t ed und e r  s om e  c i rcums tanc e s  f o r  
c oh e s i ve s o i l s by McKye s ( 1 9 8 5 ) . S o i l den s i t y was 
m e a s u red w i th a Eu l i ng s amp l e r  a nd the m e an v a l u e  o f  s o i l 
dens i ty f r om 1 3  samp l e s wa s u s ed i n  t h e  draf t predi c t i on s . 
No s o i l  sur charge p re s s ur e  was pr e s e �t du r i n g  t h e  
d ra f t  t e s t s . As a r e s u l t , t h e  surcharge t e rm was n o t  
i nc l uded i n  the c a l c u l a t i on o f  p r ed i c t ed dra f t . 
S o i l  t o o l  w i d th s , w ,  and rake ang l e s , a ,  we r e  
m e a s u r ed f o r  each o f  t h e  f i ve t i ne s  o n  o n e  c u l t i va t o r  
g ang . The t i n e s  we re ac t ua l l y  s w e e p s  r ang i ng i n  w i dt h  
f r om 6 . 3 5 t o  1 7 . 8  cent i me t e r s . T h e  s w e e p s  w e r e  cu rved s o  
t h a t  the rak e ang l e  ac t ua l l y  i nc r e a s ed w i th depth . Th e 
s ta t i c  rake ang l e  was me a s u r ed a s  a c h o rd from t h e  t i p o f  
t h e  t o o l  t o  a po i n t  approx i ma t e l y  a t  t h e  s o i l s u r fac e  f o r  
t h e  ave rag e opera t i ng dep th . An i nc r emen t  o f  f i ve de g re e s  
was added t o  the measu red rake ang l e s t o  approx i ma t e  t h e  
t rue r a k e  ang l e  wh en t h e  t i n e s  w e r e  und e r  a d r a f t  l oad and 
depre s s ed rearward . The ave rag e o f  t h e  rake ang l e s  fo r 
t h e  fo rward two t i n e s  o f  t h e  g an g  m e a s u r e d  was found to be 
3 6  deg r e e s . Th i s  va lue was app l i ed t o  a l l of the fo rward 
t i n e s  on the c u l t i vator . The ave ra g e  of the ang l e s  for 
the r e a r  t h r e e  t i ne s  of t h e  g an g  wa s found to be 2 6  
d e g rees and was appl i ed t o  a l l o f  t h e  r e a rward t i n e s  o f  
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t h e  i mp l ement . 
Depths were measured fo r each o f  the t i n e s  a f t e r  each 
d r a f t  data run by s c ra p i ng away t h e  l o o s e  s o i l  and 
m e a s u r ing t h e  depth f r om th e und i s tu rbed s o i l  s u r face to 
the bo t t om o f  the t i n e f u r r ows D e p t h s  for the t i n e s  var i e d 
s ubs tan t i al l y  w i t h i n  e ac h  g ang , s o  e ach t i ne dep t h  wa s 
r e c o rd ed f o r  each da ta run . ( Append i x  G ) . 
One da ta run wa s pe r f o rmed w i th t h e  c u l t i va t o r  t i n e s  
r a i s ed j u s t  above t h e  s o i l  s ur fac e . S i nc e  no s o i l t i l l a g e  
wa s pe r f o rmed du r i ng t h i s  run , t h e  mean va l u e  o f  dra f t  
m e a s u red du r i ng the run wa s a s s um e d  t o  repr e s en t  t h e  
r o l l i ng r e s i s tance o f  t h e  c u l t i va t o r . Th i s  va l u e  o f  0 . 9 8 
kN wa s added to the s um o f  t h e  d ra f t s  pred i c t e d  by t h e  
mode l f o r  i nd i v idua l t i ne s  be f o r e  c ompar i s on s  we re made t o  
t h e  meas ured cu l t i va t o r  d r a f t s . 
Va l ue s  fo r the N fac t o r s  f o r  each o f  the t e rms i n  th e 
d r a f t  pred i c t i on e qu a t i on we r e  obta i ned from char t s  
pr o v i ded b y  M�Kyes ( 1 9 8 5 ) . Fam i l i e s  o f  N fac t o r  c u rve s 
we r e  g i ven f o r  di f f e r e n t  depth t o  w i dth rat i o s  and - a 
var i e t y o f  s o i l  i n terna l  f r i c t i on ang l e s . McKye s ' s e t s  o f  
c u rve s w e r e  c omp i l ed f o r  a s o i l  t o  m e t a l  f r i c t i on ang l e  
a s s umed t o  b e  two t h i r d s  t h a t  o f  t h e  s o i l  i n t e rn a l  
f r i c t i on ang l e . A s e t  o f  curve s c o r r e spond i ng t o  a n  
i n t e rn a l  f r i c t i on ang l e  o f  4 0  d e g r e e s  a n d  a s o i l  to m e ta l 
f r i b t i on ang l e  o f  2 6 . 7  d e g r e e s  was - c h o s e n  f o r  th i s  s e t  o f  
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d r a f t  p r ed i c t i o ns ( Append i x  H ) . The s e  were c h o s e n  becau s e  
t h e y  mo s t  c l o s e l y  ma tched t h e  f r i c t i on ang l e s  o f  4 2 . 3  and 
2 0 . 8  deg re e s  that were mea s u r ed for the t e s t  s o i l . 
A c ompu t e r  prog ram wa s wr i t t e n  and u s e d  to a i d i n  the 
r e pe t i t i ve po r t i on o f  the c a l c u l a t i on s . A dep t h  t o  width 
r a t i o  wa s ca l c u la t ed f o r  each s o i l  t o o l , and th i s  r a t i o  
was comb i ned w i th the approp r i a t e  rake ang l e  t o  de t e rm i n e  
N fac t o r s  f r om t h e  McKye s c h a r t s . Onc e t h e  N fac t o r s  we r e  
k nown , the dra f t  force f o r  e ach t i ne wa s c a l cu l ated a nd 
th e s e  i nd i v i dual dra f t s  w e r e  s ummed f o r  a l l o f  t h e  
i mp l ement t i ne s . The ro l l i n g  r e s i s t an c e  o f  the c u l t i va t o r  
wa s added to th i s  sum . Th e r e su l t i ng va l ue c o u l d  then be 
c ompared t o  the draft ac t ua l l y  m e as u r ed f o r  that da t a  run . 
Th i s  proc e s s  wa s repeated f o r  e ac h  o f  t h e  s i x dra f t  run s 
e va l ua t ed . A s amp l e  c a l c u l a t i on o f  dra f t  f o r  a s i ng l e  
t i n e  i s  g i ven i n  append i x  G .  
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Resu l t s  and D i s cuss i on 
Path Accuracy 
R e s u l t s  o f  path re l a t e d  t e s t s  can be d i v ided i n t o  two 
pa r t s . 
i f  th e 
F i r s t  o f  al l , c ompa r i s on s  we r e  made t o  de t e rm i n e  
pos i t i on r e f e r ence s ys te m  wa s ab l e  t o  g e n e r a t e  a 
s p i ra l  d i r ec t r i x  f o r. the t oo l - f rame that was cons i s tent 
b e tween t h e  th r e e  operat i on s  pe r fo rmed . .  S �cond l y , c ompa r ­
i s o n s  were made t o  de t e rm i ne i f  t h e  t oo l - frame p e r f o rmed 
c on s i s t e n t l y  r e l a t i v e  t o  the d i re c t r i x  for the t h r e e  
o pe ra t i on s . 
T h e  mean values o f  the rad i a l  advance i nc remen t s  f o r  
s ubs e qu e n t  revo l u t i o n s  we r e  c ompa r ed u s i ng n o n  pa i red , two 
ta i l ed , S tuden t ' s  t t e s t s . Th e mean of th e i nc remen t s  
m e a s u r ed a l ong t h e  re f e r e n c e  b o o m  dur i ng t h e  p l an t i ng 
operat i o n  wa s compared to t h e  mean i nc r ement g en e r at e d  
du r i ng c ul t i vat i on . 
2 . 2 1 9 m e t e r s  
2 . 2 6 4  m e t e r s  
s i g n i f i cant 
wh i l e 
( Tab l e  
( P  < 
Th e mean i nc r emen t f o r  p l an t i ng wa s 
the 
3 ) • 
mean f o r  cul t i va t i on was 
Th e c ompa r i s o n  i nd i c a t e d  a 
. 0 5 )  d i f f e r e n c e  i n  t h e  _ mean i nc rement s 
f o r  the s e  operat i o n s . The d i f f e rence be twe en t h e s e  
i nc r ement s repr e s e n t e d  an e r r o r  i n  the path dur i ng 
cu l t i va t i on that wa s cummu l a t i v e w i th each suc c e s s i ve 
revo l u t i on of the s y s t em . The phys i ca l  i nt e rp r e t a t i on o f  
t h e  d i f f e r ence was c l e ar i n  t h e  f i e l d  a s  the c u l t i va t o r  
accumu l a t e d  enough pa th e r r o r  t o  b e g i n  c u l t i va t i ng o u t  t h e  
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c o rn rows a f t e r  about f o u r  r e vo l u t i ons o f  t h e  s ys tem . 
W i thout any mec han i sm t o  r e � o r i en t  t h e  r e fe rence s y s tem o r  
aut omat i c a l l y  adj us t th e i nc r emen t , the t o o l  f rame 
e f f e c t i ve l y  removed mo s t  of the crop i t  had e a r l i e r 
p l an t e d . 
T ab l e 3 .  Mean values o f  rad i a l  i nc r emen t s  meas u r ed on t h e  
r e fe rence gantry f o r  p l an t i ng , c u l t i vat i on � and ope rat i ng 
w i t h o u t  an i mp l emen t . 
Mean i nc r ement 
S tanda rd 
D ev i a t i o n  
P l an t i ng 
2 . 2 1 9 ( m )  
0 . 0 4 4  
c u l t i va t i on No I mpl emen t  
2 . 2 6 4  2 . 2 1 6 
0 . 0 1 2  0 . 0 1 2  
A s i m i l ar c ompar i s on was made b e tween t h e  i nc r eme n t  
g ene rated a l ong the b o o m  du r i ng p l an t i ng and o n e  g en e r a t e d  
b y  t h e  s y s tem runn i ng w i t h o u t  a n  . i mp l eme n t  a t t ached t o  t h e  
t o o l  f rame . I n  th i s  c a s e a S tude n t ' s  t t e s t  fa i l ed t o  
s h ow any s i g n i f i cant d i f f e r en c e  be twe en the advanc e  
i nc r ement s . i n  fac t , t h e  c umu l a t i ve d i f fe r e nc e  i n  rad i us 
ove r  e i g h t  revo l u t i ons wa s j u s t  5 . 5  cent i me t e r s . 
No obv i ous cau s e  was found f o r  t h e  d i f fe renc e found 
be twe e n  the c u l t i va t o r  i nc r emen t s  and the p l an t i ng i nc r e -
m e n t s , o r  the l ack o f  t h e  d i f f e r enc e be twe e n  i nc r emen t s  
f o r  p l an t i ng and opera t i on w i t h o u t  a n  i mpl eme n t . Becau s e  
t h e  t o o l  f r ame on l y  fo l l ows t h e  r e f e rence po i n t  o n  t h e  
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d i r e c t r i x , the demands on t h e  d i r ec t r i x  s hould not chan g e  
be twe en the ope rat i on s . The g r ound d r i ve whe e l  and i t s  
s o i l - t o - wh e e l  i n t e r fac e w e r e  t h e  mo s t  l i k e l y  s ourc e s o f  
t h e  d i f fe r ence . Change i n  t i r e  p r e s sure o r  s o i l 
c ond i t i o n s  c o u ld have changed t h e  e f f ec t i ve ro l l i ng rad i u s  
o f  th i s  wh e e l  and t h e  r e s u l t  wo u l d  b e  a change i n  the 
r ad i a l  advance i nc remen t . 
C ompa r i s o ns were a l s o  made be twe en the r ad i a l  
i nc r emen t s  as generat ed o n  t h e  g r ound b y  the i mp l eme n t  
f o r  t h e  t h r e e  o pe r at i on s  pe r f o rm e d  ( Tab l e  4 ) . 
Tab l e 4 .  Mean va l ue s  o f  rad i a l  advanc e i nc remen t s  a s  
meas u r ed on t h e  g r ound f o r  p l an t i ng , c u l t i va t i on , and 
o p e ra t i on w i thout an i mpl eme n t . 
Mean i nc rement 
S t anda rd 
D e v i at i on 
P l ant i ng 
2 . 2 7 5  ( m )  
0 . 0 9 4  
c u l t i va t i o n No Impl e men t 
2 . 3 2 6  2 . 2 9 .3 
0 . 0 6 6  0 . 0 5 0  
I n  t h e s e  c a s e s , the t t e s t f a i l ed t o  s h ow a d i f f e r en c e  
be twe en i nc r eme n t s  f o r  p l an t i ng a n d  cu l t i va t i o n ,  and 
be twe e n  p l ant i ng and ope ra t i ng w i thout an i mpl ement . 
Ag a i n , a 9 5% l eve l o f  c o n f i de nc e  wa s u s ed w i th a two 
t a i l ed t e s t . I n  the c a s e  o f  t h e  c ompar i s on o f  p l an t i ng 
and c u l t i va t i on i nc r ement s ,  t h e  i nab l i l t y  t o  s h ow a 
s ta t i s t i c a l  d i f f er enc e wa s ove r s h adowed by the fac t that 
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t h e  t o o l  f rame and · c u l t i va t o r  ac c umu l a t ed en ough e r ro r , 
r e l a t i ve to t h e  plant i ng path , t o  c u l t i va t e  out the c r o p . 
Th i s  e f fec t i ve d i f fe r e nc e  was b o r n  o u t  when a c ompar i s on 
was made be twe en cummu l a t i ve g r o und r ad i i .  The g r ound 
r ad i u s a f t e r  e i gh t  revo l u t i o n s  o f  p l ant i ng wa s c ompa r ed t o  
a n  e s t i mate t o f  the rad i us a f t e r  e i gh t  r e vo lu t i on s  o f  
c u l t i vat i on .  Th e cumu l a t i ve r ad i u s  fo r e � ght revo l ut i on s  
o f  p l an t i ng was 2 3 . 0 8 me t e r s . T h e  e s t i mated rad i us f o r  
e i g h t  r e vo l u t i on s  o f  c u l t i va t i on wa s 2 4 . 0 2 me t e rs , a 
d i f fe rence o f  near l y  one m e t e r . I n  c on t ra s t ,  t h e  
d i f f e re nc e  be twe en t h e  accumu l a t e d  g ro und rad i u s  f o r  e i gh t  
r evo l ut i o n s  o f  pl ant i ng and e i gh t r e vo l u t i on s  w i thout an 
i mp l ement wa s o n l y  7 c e n t i m e t e r s . I t  wou l d  have b e e n  
de s i r e ab l e  t o  r ep l i c a t e  th e s e  t e s t s  t o  de t e rm i ne i f  the 
v a r i ab i l i t y i n  the advanc e i nc r e m e n t  fo und f o r  the s e  
o p e r a t i o n s  wou l d  b e  repeated . Howeve r ,  a s i ng l e  fa i l u r e  
o f  t h e  s ys t em to r e p e a t  t h e  p l an t i ng pa t h  i s  s u f f i c i en t  t o  
i mpac t t h e  conc l u s i ons o f  t h i s  w o r k . 
I t  was pos s i b l e  that s om e  o f  t h e  path e r r o r  tha t 
c au s ed t h e  cu l t i va t o r  to r emove t h e  c r op rows was due t o  
d e v i a t i on o f  the t oo l - f rame and i mp l ement f r om t h e  
t An e s t imate wa s u s ed becau s e  o f  a mal func t i on i n  t h e  
s ys t em dur i ng c u l t i va t i on t h a t  · e l i m i na t ed one i nc r eme n t  
f rom c o n s i d e ra t i on and p r e c l ud e d  t h e  u s e o f  the measured 
c umu l at i ve rad i us . The e s t i m a t e  was found a s  the produc t 
o f  t h e  mean o f  the val i d  i nc remen t s  and t h e  de s i red numb e r  
o f  r e v o l u t i ons . Th i s  produc t wa s added t o  t h e  sam e  
s t a r t i ng rad i u s  as u s ed f o r  p l an t i ng . 
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d i r e c t r i x  g enerated r a th e r  t h an f rom an e r r o n e o u s  
d i re c t r i x . To i s o l at e  t h i s  t ype o f  e rr o r , compar i s on s 
we r e  made be tween the g r o und m e a s u re d  rad i i and t h e  b o om 
me a s u r ed one s f o r  t h e  s ame o p e r a t i on . A S tuden t ' s  t t e s t  
a t  a 9 5 % c o n f i dence l e v e l  i nd i c a t ed a d i f fe r ence be twe e n  
the mean advanc e i nc r eme n t  o n  t h e  g r o und and t h e  i nc reme n t  
o n  t h e  r e f e r e nc e  boom fo r p l ant i ng . A s i m � l a r  di f f e rence 
was found for opera t i on wi t h o u t  a n  i mp l ement . Th e t t e s t  
f a i l ed t o  i nd i c a t e  
d i r e c t r i x  i nc r ement 
cu l t i va t i o n . I n  a l l 
a d i f fe r ence be tween g e n e r a t e d  
and t h e  path i nc rement fo l l owed f o r 
ca s e s , t h e  mean rad i a l  advanc e 
i nc r ement measured on t h e  g ro und appeared t o  be l a r g e r  
t han t h e  i nc reme n t  g en e r a t e d  b y  t h e  d i rec t r i x . Phys i ca l l y  
i n t e r p r e t ed , t h e  t oo l - f rame g radua l l y moved f rom the 
i ns i de t owa rd t h e  out s i de of t h e  i de a l  s p i r a l  d i rec t r i x  a s  
t h e  path wa s generated . 
The cumu l a t i ve d i f f e r e nc e  b e twe e n  the g e n e r a t e d  
d i r e c t r i x  s p� ral a n d  t h e  o n e  f o l l owed b y  t h e  to o l - f rame 
wa s p l o t t ed aga i n s t  t h e  r e vo l u t i on number f o r  e i gh t 
r e vo l u t i on s  o f  t h e  s y s t e m  fo r t h e  t h r e e  opera t i on s  
( F i gu r e  2 4 ) .  Gr ound r ad i i we r e  marked a t  t he rear o f  the 
i mp l ement f o r  p l an t i ng and c u l t i va t i on ,  wh i l e · t h e y  we r e  
mark e d  a t  a po i n t  p l umb beneath · t h e  drawba r  f o r  opera t i on 
w i t h o u t  an i mp l ement . Th i s  may acc ount f o r  t h e  o f f s e t  o f  
t h e  l i n e  repre s ent i ng ope ra t i on w i t h o u t  an i mp l ement i n  
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t h e  f i gure . I t  i s  appa r e n t  t h a t  t h e  po s i t i on o f  the too l -
f rame and i mp l ement changed r e l a t i ve t o  the d i r ec t r i x  f o r  
a l l  t h r e e  operat i o ns . A c on s t an t  r e l a t i on s h i p  wo u l d  b e  
e v i denc ed b y  a ho r i z o n t a l  l i n e . I t  wa s n o t ed that th e 
t h r e e  l i ne s  repr e s e n t i ng th i s  c h an g e  we r e  roug h l y  pa ra l ­
l e l . Th i s  i nd i cated that wh i l e t h e  p o s i t i on o f  the t oo l ­
f r am e  c h anged r e l a t i ve t o  the i de a l  o f . t h e . d i rec t r i x , t h e  
change w a s  ve r y  s i m i l a r  f o r  each o f  t h e  ope rat i on s . Thu s , 
i f  a s ub s tan t i a l  pa th e r r o r  a c c umu l a t e d , i t  wou l d  have t o  
be d u e  t o  t h e  generat i on o f  a d i f fe rent d i r e c t r i x  rath e r  
t han dev i a t i on o f  t h e  t o o l - frame f rom two s i m i l a r  
d i r ec t r i x e s . 
Th e c au s e  o f  th i s  movement o f  t h e  t o o l - f rame r e l at i v e  
t o  i t s  re f e r e nc e  po i n t on t h e  b o om m a y  b e  re l a ted 
mechan i s ms o f  the s ys t em and the s p i ra l  i t s e l f . 
t o  t h e  
At t h e  
i nn e r  po r t i ons o f  the s p i r a l  t h e  c u r v e  g ene rated i s  qu i t e 
t i gh t . At th i s  po i n t  t h e  umb i l i c a l  c o rd that i s  the l i nk 
b e tween t h e  r e fe rence po i n t and the t o o l - frame do e s  not 
hang in a v e r t i c a l  p l ane p e r pe nd i cu l ar t o  the re f e r enc e 
b o om . I n s tead i t  hang s i n  a v e r t i ca l  p l ane that c ant s 
t oward t h e  c en t e r  of t h e  s p i ra l  ( F i g u r e  2 5 ) . I n  add i t i on , 
t h e  r e su l tan t  dra f t  f o r c e  o f  any i mp l ement ac t s  f rom a 
po i n t  on the i n s i de o f  a p e rp e nd i cu l a r t o  t h e  r e fe r enc e 
b o om . As the d i ame t e r  o f  t h e  s p i ra l  i nc r eas e s , b o t h  the 
d r a f t  force and the p l ane of t h e  · umb i l i c a l  c o rd approach 
h ,  n 
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the n o rma l to the r e f e r e nc e  gant r y . Th i s  g radua l chan g e  
may ac count for t h e  g radua l r e - o r i en t a t i on o f  the t oo l ­
frame t o  the r e fe renc e po i n t  o r  d i r e c t r i x . I t  wou l d  b e  
e xpec t ed t h a t  a t  s ome p o i nt th i s  r e - o r i entat i on wou l d  
r e ac h  a max i mum and t h e  g r ound and d i r ec t r i x  advanc e 
i nc remen t s  wou l d  be . i dent i ca l  f r om t h e r e  on . 
Regard l e s s  o f  the c au s e  o f  t h i s  re l at i ve moveme n t  o f  
t oo l - f rame and d i rec t r i x , i t s  c on s i s t enc y i nd i cated tha t 
any l a rge accumul a t ed pa t h  e r r o r s  we r e  due t o  d i f fe r ence s  
i n  t h e  d i re c t r i x  g e n e r a t e d . 
T h e  i mp l i ca t i ons o f  s uc h  a cumu l a t i ve e r r o r  ( a s 
f ound wi th cu l t i vat i o n ) a r e  i mpo r ta n t  t o  the eva l ua t i on o f  
app r o pr i at e  u s e s  f o r  the pr e s ent s ys t em . Obv i ous l y , i f  
t h e  s ys t em we r e  t o  be u s ed f o r  p l an t i ng and cu l t i va t i ng 
r ow c rops , i t  wou l d  b� n ec e s s a r y  t o  mod i fy i t  i n  s ome way 
to i nc r e a s e  the r epeatab i l i t y  o f  the path be t we e n  
o p e r a t i on s . I f  the e xac t s ou rc e  o f  t h e  var i at i on be t we e n  
t h e  opera t i ons o f  c u l t i vat i on a n d  p l an t i ng c o u l d  be f o und , 
i t  m i gh t  be p o s s i bl e  t o  r e duc e t h i s  var i at i on and 
e l i m i n a t e  the prob l em . 
The fact that the d i f f e renc e s  i n  i nc r ement f o r  
c u l t i va t i on and p l an t i ng we r e  c o n s i s t e n t  from revo l u t i on 
t o  r evo l u t i o n l ends c r edenc� t o  t h e  i dea that a n  
adj u s tmen t m i gh t  c u r e  
s ys tem t o  repr odu c e  
the 
the 
p r o b l em . The ab i l i t y o f  t h e  
p l ant i n·g p a t h  qu i te accurate l y  
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w i t h o u t  an i mpl ement i s  pu z z l i ng , b u t  do e s  i nd i ca t e  t h a t  
t h e  p o t en t i a l f o r  a iepeatab l e  p a t h  e x i s t s . 
Ve ry l i t t l e  var i ab i l i ty o f  t h e  path , o t h e r  than t h e  
g radua l movement o f  t h e  t o o l - f rame outward ac r o s s  t h e  
r e f e r en c e  p o i n t , w a s  obs e r ve d  w i th i n  r e vo l ut i on s . · Th i s  
was n o t  unexpec t ed s i n c e  t h e  amo u n t  o f  a l l owab l e  t o o l  
f rame e r r o r  f rom t h e  r e fe r e n c e  p a t h  i s  .cont r o l l ab l e  b y  t h e  
ad j u s tmen t  o f  the cams a n d  m i c r o sw i t c h e s  i n  the c ont r o l  
s ys t em . Th i s  l e ft open t h e  po s s i b i l i t y o f  a n  add i t i on a l  
mechan i sm t o  c o r r e c t  t h e  r e f e r e nc e  p o i nt on t h e  boom t o  a 
d e s i r e d  i nc rement at an i n t e rva l o f , pe rhaps , onc e each 
r ev o l u t i on . The ex i s t i ng advanc e  mechan i sm c o u l d  be u s e d  
t o  advanc e t h e  s ys t em w i th i n  r e vo l ut i on s  wh i l e t h e  
add i t i on a l  i n t e rm i t t e n t  adj u s tm e n t  w o u l d  e l i m i na t e  t h e  
p r ob l e m  o f  cummu l a t i ve e r ro r s . 
T h e  s p i ra l  mechan i z a t i on s ys t e m , w i thout 
modi f i c a t i on , wou l d  n o t  be ab l e  t o  p e r f o rm r e pe t i t i ve r ow 
c ro p  o pe ra t i ons s at i s fac t o r i l y .  I t  c o u l d  po s s i b l y  be u s e d  
f o r  a n  ope ra t i on i n  wh i ch t h e  c on s e quenc e s  o f  a cummu ­
l a t i ve path e r r o r  we r e  n o t  a s  damn i ng as t h e y  we r e  f o r  
c u l t i vat i on o f  a r o w  c r o p . An e xamp l e  o f  s uc h  a func t i on 
m i gh t  be t u r f  mowi ng i n  the p r oduc t i on o f  s od . A l c oc k  and 
J ah n s  ( 1 9 8 3 ) s ugg e s ted t h i s  a s  an approp r i a t e  u s e  f o r  a 
s p i ra l  mechan i z a t i on s ys tem . T h e  o v e r l ap or unde r l ap o f  
t h e  mow i ng ope rat i on be twe e n  r e vo l u t i on s  wou l d  n o t  be a 
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pa r t i cu l a r l y  s e r i o u s  fau l t , and c o u l d  be c o r rec t ed ·by 
s ub s e qu e n t  pa s s e s  over the p l o t  wi thout adve r s e  con-
s e qu e nc e s . Other l i m i ta t i on s  o f  the s ys t em , s uch as s pe e d  
o r  e n e rg y  r e qu i reme n t s  may , howeve r , r e nde r t h e  s y s t em 
i napprop r i a t e  f o r  t u r f  farm i n g . 
Energy E f f i c i ency 
Ove ra l l  ene rgy e f f i c i ency wa s c a l c u l a ted as the wo r k  
done at t h e  drawba r , i n  kWh r / ha , d i v ided b y  t h e  h e a t  
c o n t e n t  o f  t h e  fue l burned t o  p er f o r m  t h e  work . D r awbar 
wo rk pe r f o rmed by t h e  s p i ra l  mechan i z at i on s ys t em du r i ng a 
p l an t i n g  ope rat i o n was found t o  be 1 . 1 1 kWh r / ha . Fue l 
e n e r g y  r e qu i red to pe r f o rm t h a t  ope ra t i on was 1 3 6 kWh r / h a  
( Tab l e  5 . ) .  Ove ra l l  e f f i c i e nc y  o f  t h e  e l ec t r i c  s ys t e m  f o r  
a p l an t i ng ope rat i on w a s  0 . 8 1 % .  
Tab l e  5 .  E n e r g y  e f f i c i e n c y  f o r  t h e  e l ec t r i c  s ys t em and a 
conve n t i onal c r opp i ng s y s t em . 
Work Ou tpu t E n e rgy u s e d* E f f i c i e ncy 
P l an t i nS e J e c  1 .  1 1  kWh r /ha 1 3 7  kWh r / ha 0 . 8 1 % 
Pl an t i nSc o n v 5 . 0  5 5 . 8  8 . 9  
Cu l t i vat i one 1 e· c 2 . 9 1 1 8 0 1 . 6 
Cu l t i va t i onc o n v 4 . 1 1 5 4 . 7  7 . 5  
* Repr e s e n t s  ene rgy s e que s t e r ed i n  the fue l bu rned 
t o  do the wo rk , i nc l ud i n g  f u e l produc t i on e n e r g y . 
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Th e same ope ra t i on pe r f o rmed wi th a c onven t i ona l 
d i e s e l  t rac t o r  c on s umed e n e r g y  a t  a r a t e  o f  5 5 . 8  kWh r / ha 
( S t ephen s , e t  a l . , 1 9 8 1 ) . Work o u t pu t  of that s y s t em wa s 
5 . 0  kWh r /ha , y i e l di ng an o ve ra l l e f f i c i e ncy o f  8 . 9 % .  Th i s  
i nd i c a t e s  a la rge d i s advan t a g e  f o r  t h e  e l ec t r i c  s ys tem i n  
ove ra l l energy e f f i c i enc y f o r  a p l an t i ng operat i on . 
The drawbar wo rk done by t h e  s p i ral mechan i z a t i on 
s ys t em wh i l e cu l t i vat i n g wa s f o und to be 2 . 9 1 kWh r / h a . 
The e n e r g y  i npu t s  dur i n g tha t  o p e ra t i on we re c a l cu l ated t o  
be 1 8 0 kWh r / ha . Ov e r a l l  e f f i c i enc y fo r t h e  e l ec t r i c  
s y s t e m  wh i l e cul t i va t i ng was 1 . 6% .  S i m i l a r l y , a d i e s e l  
t rac t o r  and cu l t i va t o r  c o n s ummed 5 4 . 7  kWh r / ha wh i l e do i n g  
wo rk e qu i va l e nt to 4 . 1 1  kWh r / h a . Ove ra � l e f f i c i e nc y f o r  
t h i s  c onve nt i on a l  s y s t em w a s  7 . 5 % dur i ng t h e  c u l t i va t i on 
ope ra t i on . Ag a i n , tht e l ec t r i c  s ys t em was s h own to have a 
much l ower ove ra l l e f f i c i e nc y i n  t h e  c onve r s i on o f  fue l 
e n e � � Y  t o  u s ab l e  f i e l d  work . 
I t  wa s - no t w i t h i n  t h e  obj e c t i ve s  o f  th i s  wo rk t o  
l oc a t e  t h e  s o urc e s  o f  i n e f f i c i e nc i e s i n  t h e  e l ec t r i c  
s ys tem . However , i t  was n o t e d  du r i ng o pe r at i o n , that t h e  
e l ec t r i c  mo t o r s  powe r i ng t h e  t o o l f r ame we re n e v e r  l oaded 
to a l eve l near the i r  r a t ed c apac i t y .  The l oad appl i ed t o  
t h e  dr i v e mo t o r s  w a s  a func t i on o f  t h e  gear r educ t i on and 
t h e  i mp l ement dra f t . T h e  l ow s pe ed s  and narrow i mp l eme n t s  
u s e d by t h e  t e s t  s ys tem k e p t  mo t o r  l oads r e l a t i ve l y  l o w  
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and we r e  r e s po n s i b i� ,  i n  pa r t , f o r  the l ow s y� t e m  
e f f i c i e nc y . A heav i e r  t o o l · f rame ,  a w i d e r  impl ement , and 
h i gh e r  operat i ng s pe ed s  wou l d  a l l o w l o ad i ng of the dr i ve 
mo t o r s  t o  l e ve l s  at wh i c h  t h e y  m i gh t  o pe rate e f f i c i en t l y . 
A s ec on d  fac t o r  c o n t r i bu t i ng t o  t h e  i ne f f i c i ency i n  
the s p i ra l  mech�n i z a t i on s y s t e m  wa s t h e  powe r i ng o f  t h e  
r e f e r ence s y s t em . The mo t o r  powe r i ng t h e  . i r r i ga t o r  b o o m  
r an c on t i nuous l y  dur i ng t h e  f i e l d  o pe ra t i ons . N o n e  o f  t h e  
e n e r g y  c o n s umed by t h i s  m o t o r  c o n t r i buted t o  t h e  
mechan i ca l  wo rk d o n e  at the i mp l e m e n t  drawbar . Becau s e  
th e r e fe rence s ys t em mo t o r  r a n  l ong e r  than e i th e r  o f  t h e  
t o o l  f r ame dr i v e m o t o r s , i t  i s  p o s s i b l e  that one hal f o r  
mo re o f  the ene rgy c o n s umed du r i ng t h e  ope ra t i on was u s ed 
t o  p r o v i de pos i t i on r e fe re n c e  and g u i dance , a s  oppo s ed to 
p ro v i d i ng dra f t  fo r the i mp l emen t . Th i s  t ype o f  
i ne f f i c i ency i s  i nhe rent i n  t h e  t e s t  s ys tem u s e d , a l t h o ug h  
a w i d e r  i mp l emen t wou l d  r educ e t h e  n umbe r o f  s ys t em 
r e vo l ut i o ns x e qu i red and r educ e  t h e  ene rgy i nvo l ve d  i n  
gu i danc e . 
Ene r gy Cost 
The c o s t o f  e l e c t r i ca l  e n e r g y  var i e s  w i de l y  w i t h  
l oc a l e . T h e  u t i l i t y s e r v i ng th e  a r e a  wh i ch i nc l uded t h e  
t e s t  s i t e app l i ed t h e  fo l l ow i ng r a t e s  t o  i r r i g a t o r s . F o r  
c e n t e r  p i vo t  i r r i g a t o r s  w i t h o u t  e l e c t r i c  pumps , a ra t e  o f  
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$ . 0 5 5 / kWh r for energy u s ed was added t o  a f l at annua l · f e e  
o f  $ 5 0 0 / p i vo t . F o r  i r r i ga t o r s  u s i ng e l e c t r i c i ty f o r  
pump i ng , t h e  r a t e  s ch edu l e  i nc l uded $ . 0 6 8 / kWh r  f o r  t h e  
f i r s t  6 7 7  kWh r / kW ( 5 0 0  kWh r / h p ) a n d  $ . 0 5 5 / kWh r f o r  e n e r g y  
u s ed be yond 6 7 7  kWh r / kW ( 5 0 0  kWh r / h p ) .  Th e s e  amoun t s  we r e  
added t o  a $ 2 6 . 8 1 / kW ( $ 2 0 / h p ) annua l charge . For t h e  
c a l cu l a t i ons o f  e n e r g y  c o s t  f o r  t h e  t e st operat i on s , a 
r a t e  o f  $ . 0 6 8 / kWh r was u s ed f o r  each kWh r  drawn . 
The pr i c e  o f  d i e s e l  fu e l , f o r  compar a t i ve purpo s e s , 
wa s a s s umed t o  be $ . 2 6 4 / 1  ( $ 1 . 0 0 / g a l ) .  
The un i t  c o s t s  o f  t h e  e n e r g y  s ourc e s  we re app l i ed t o  
t h e  e n e r g i e s  ac tua l l y  u s e d i n  t h e  f i e ld . T h a t  i s , the 
p r i c e s  o f  e l ec t r i c i ty and d i e s e l  fuel we r e  appl i ed t o  the 
c o r r e s po nd i ng energy quant i t i e s  f o r  wh i c h  a p roduc e r  wou l d  
be r e qu i r ed t o  pay . 
Th e e l ec t r i c i t y u s ed i n  t h e  p l an t i ng operat i on was 
f ound t o  be 3 5  kWh r / ha ( Tab l e  E . 1 . ) .  The c o s t  of th i s  
e n e r g y  t o  the produc e r  wa s $ 2 . 3 9 / ha ( Tab l e  6 ) . The fue l 
us e d  by the d i e s e l  t rac t o r  and c onvent i ona l p l an t e r  · t o  
p l an t  a h e c t a r e  was was 4 . 2 4 l i t e r s . At the fue l c o s t  o f  
$ . 2 6 4 / 1  f o r  d i e s e l  fue l , th e p l an t i ng ope rat i on h ad a n  
e n e r g y  c o s t  o f  $ 1 . 1 2 /ha wi th t h e  c onven t i onal s y s t em . 
E l ec t r i c i t y u s ed t o  c u l t i va t e  a c r o p  was found t o  be 
46 kWh r / ha . The c o r r e spond i ng c o s t  was $ 3 . 1 5 /ha . The 
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c o nvent i on a l  s y s t em r e qu i red 4 . 1 5 l i te r s  o f  d i e s e l  f u e l a t  
a co s t  o f  $ 1 . 1 0 to cu l t i va t e  o n e  h e c ta r e . 
Tab l e  6 .  E n e rgy c o s ts f o r  t h e  e l ec t r i c  s ys t em and a 
c onve n t i ona l c ropp i ng s ys t em . 
P l an t i ng 
C u l t i vat i on 
* $ 0 . 0 6 8 / kWh r 
* *  $ 0 . 2 6 4 / l i t e r  
There appears 
E l ec t r i c i ty* 
$ 2 . 3 9 / h a  
$ 3 . 1 5 / h a  
D i e s e l  F u e l * * 
$ 1 . 1 2 / ha 
$ 1 . 1 0 /ha 
to b e  a d i s pa r i t y betwe e n  t h e  
c a l cu l a t i on s  o f  overa l l e f f i c i enc y a nd e n e r g y  c o s t s . Th e 
o v e ra l l e f f i c i ency o f  t h e  e l ec t r i c  s ys tem i s  h i gh e r  f o r  
c u l t i va t i ng than f o r  p l an t i ng , ye t the c o s t  d i f f e renc e 
b e tween the e l ec t r i c  s ys t em a nd t h e  c onven t i on a l  one i s  
mo r e  p ro nounced f o r  the c u l t i va t i on o p e rat i on . The r e a s o n  
i s  t h a t  meas u r ed dra f t s  f o r  c u l t i va t i ng w i th the e l ec t r i c  
s ys t em we re muc h h i gh e r  than t h o s e  measured f o r  p l an t i ng . 
S o , wh i l e t h e  h i gh e r  dra f t  may r e s u l t i n  a s omewh at h i gh e r  
e f f i c i e nc y f o r  t h e  e l e c t r i c  mo t o r s  i n  t h e  s ys t em , t o t a l  
e n e r g y  u s e  wa s a l s o  h i gh e r . I n  c o n t ra s t , the S te ph e n s  e t  
a l . ( 1 9 8 1 ) s tudy found l owe r dra f t s  and l ow e r  fue l 
c o n s umpt i on f o r  a cu l t i v a t i on o p e r a t i on than for p l an t i ng . 
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Th e s e  c ompa r i s o n s  i nd i c at e d  e ne rgy c o s t s  for
. 
a 
produc e r  u s i ng the s p i ra l  me chan i zat i on. s y s tem o f  2 t o  3 
t i m e s t h e  fue l c o s t  o f  a c onven t i ona l t rac t o r - i mp l ement 
c omb i nat i o n . I t  s h o u l d  b e  n o t ed t h a t  t h e  c o mpar i s o n s  made 
d i d  n o t  i nc l ude o t h e r  ope ra t i ng c o s t s  s uch as o i l , r epa i rs 
and ma i n tenance , · labo r , o r  f i xe d  owne r s h i p  c o s t s . A 
c ompa r i s on o f  ove ral l c o s t s  o f  an el ectr i c  s ys tem and a 
c onv ent i onal one m i g h t  i nd i ca t e  a sma l l e r  advantage f o r  
t h e  convent i ona l s ys tem , o r  pe rhaps , an advan tage i n  
ove ra l l  c o s t s  f o r  the e l e c t r i c  s ys t e m . 
Subj ect ive Obs e rvat i ons and Eva l uat i on o f  the S p i ral 
Mechan i za t i on S ys tem 
Th i s  was the f i r s t  t e s t  o f  t h e  s p i ral mechan i za t i on 
s ys tem i n  an ac tual f i e l d o p e r a t i on , and i t  wa s f e l t  t h a t  
t h e  operat i on and ob s e rvat i on o f · t h e  s ys t em m i g h t  d i sc l o s e  
advan tag e s  or d i sadvan tag e s  o f  t h e  s ys tem n o t  o th e rw i s e  
addr e s s ed i n  the obj e c t i ve s  o f  t h i s  s t udy . 
Sys tem Re l i abi l i ty The r e l i ab i l i t y o f  t h e  aut omat i c  
g u i danc e s y s t em was eva l ua t e d  s ub j e c t i v e l y  du r i ng f i e l d 
o pe rat i o ns . Two prob l em s  s u r fac e d  du r ing the s e  
o pe ra t i o n s . The f i r s t  was o n e  that i nvo l ved t h e  f l ex i b l e  
c o rds s u pp l y i ng powe r t o  t h e  t o o l  f rame . The s e  wo u l d  
occa s i o nal l y  catch on s ome f ac e t  o f  t h e  c en t r a l  towe r . I f  
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no t watched , th i s  p r ob l em wou l d  damage the c ords , o r  t h e  
t o o l f r ame i f  the c o rd s h ou l d  s e par a t e . . T h e  u s e  o f  s l i p 
r i n g s  t o  prov i de c o nt i n uous powe r t o  t h e  t o o l  f rame and 
re f e rence s ys t em wou l d  e l i m i na t e  th i s  po tent i a l probl em . 
Th e s ec ond prob lem occur red du r i ng c u l t i va t i on whe n  t h e  
cab l e  c a r r i e r  suppo r t i n g  the umb i l i c a l  c o rd became l odged 
on a po r t i o n of the t rack o n  w h i c h  i t  rode . Th i s  caus ed 
t h e  cab l e  l oop advanc i ng t h e  r e f e r en c e  po i n t  t o  s l i p . As 
a r e s u l t , the re fe rence s ys tem depa r t e d  from the d e s i red 
s p i ra l  path as s oc i a t ed w i th t h e  e x i s t i ng rows and , wi t h  n o  
w a y  t o  re l ocate i t s e l f  s h o r t  o f  h uman i n te rvent i on , wou l d  
h a v e  c on t i nued t o  de v i at e  f r om t h e  de s i red path . Th i s  
p r o b l em c o u l d  eas i l y be avo i ded i n  t h e  future by mod i f y i ng 
s ome smal l po r t i ons o f  t h e  c ab l e  c a r r i e r . The s e  ma l ­
func t i o n s  d i d  po i n t o u t  t h e  n e e d  f o r s ome f o rm o f  s a f e t y  
mechan i sm t o  s w i tch o f f  t h e  s y s t em i n  the event o f  a 
ma l func t i o n . W i th the except i on o f  the afo rement i on e d  
p r ob l ems , t h e  automa t i c  gu i danc e s ys t em p e r fo rmed ve r y  
we l l . W i t h a few m i no r  a l t e r a t i on s  and the addi t i o n o f  
one o r  more fa i l s a fe s w i tch e s , 
s at i s fac t o r i l y ope r a t e  una t t ended . 
re f e r  t o  the ab i l i t y o f  t h e  t o o l 
t h e  s ys t em c o u l d  
Th e s e  obs e rva t i on s  
f rame and re fe re nce 
s ys t em t o  func t i o n t o g e t h e r  w i t h o u t  anoma l o u s  var i at i on s . 
Any u s e  o f  the s ys t em would s t i l l  b e  c o n s t ra i ned by the 
l i m i ta t i on s  i n  t e rms of path r e p e a t ab i l i t y fo und earl i e r . 
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Too l Frame Pe rformance Th e e l ec t r i c  t o o l  f r ame pe r fo rmed 
r e l i ab l y  th roughout the t e s t f i e l d  ope rat i o n s . It was a 
v e r y  s i mp l e  mach i ne and r e qu i r ed l i t t l e  adj us tme n t  o r  
ma i nt e nanc e . S ev e r a l  l i m i t a t i o n s  we r e  obse rved , h owe v e r . 
The t o o l f rame had dr i v e m o t o r s  and g e a r  r educ t i on s  
i de n t i c a l  t o  t h o s e  o n  t h e  r e f e r enc e g an t ry . The u s e  o f  
t h e  l a rg e r  o f  t h e  two s e t s  o f  wh ee l s  o n  t h e  t o o l frame 
a l l owed i t  t o  ove r t ak e  the r e f e r en c e  boom , a s  r e qu i r e d . 
Howeve r , i f  the t o o l  f rame whe e l  s l i p exce eded s ome 
c r i t i c a l  l e v e l  the s eparat i on o f  the r e f e r ence bo om and 
t oo l  f r ame wou l d  g radua l l y  i nc r e a s e  unt i l  the umb i l i c a l  
c o rd bec ame t aut and wa s damag ed . Th i s  wou l d  have 
occurred h ad the s ys t em not been c o n t r o l l ed manua l l y  near 
t h e  outer l i m i t o f  the s p i ra l  pa t h . Ave rage wh e e l  s l i p 
f o r  p l ant i ng wa s 1 9 % .  We i g h t  i n  t h e  form o f  s t e e l  and 
c onc r e te b l oc k s t o t a l i ng 4 . 5 2 kN was added t o  r educ e th i s  
s l i p pr i o r  to cu l t i va t i on o f  t h e  c r op . Ave rage va l ue o f  
s l i p f o r  the -cu l t i va t i on ope r a t i on was 1 4% .  Even w i th t h e  
e x t ra we i g h t and a s l i p  va l ue n o t  par t i c u l ar l y  e x c e s s i ve 
o r  un u s ual , the s peed o f  t h e  t o o l  f rame wa s i n s u f f i c i en t  
t o  ove r t ake t h e  r e fe r ence s ys t em a t  i t s ou t e r  l i m i t . 
Po s s i b l e  s o l u t i ons t o  th i s  p r ob l em i nc l ude the u s e  o f  a 
much h e av i e r  t o o l frame t o  d e c r e a s e s l i p , and a smal l e r 
g e ar r e duc t i on t o  the dr i ve wh e e l s  t o  i nc reas e t h e  s peed . 
Th e dec reas e i n  the g e a r  r educ t i on f r om mo t o r s  t o  ax l e s  
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wo u l d  have the added bene f i t  o f  i nc re a s i ng th e powe r 
r e qu i r ed o f  t h e  mo t o r s . Load i ng t h e s e  mo t o r s  mo r e  c l o s e l y  
t o  t h e i r  capac i t y wou l d  und o ub t ed l y  i nc re a s e  t h e  o v e ra l l  
e f f i c i ency o f  t h e  mach i ne . 
Speed Too l frame s peeds of 2 . 7 0 to 3 . 6 0 cm/ s we r e  
m e a s u r ed dur i ng f i e l d ope r a t i on s . The s e  were , r o ugh l y , 
two o rde r s  o f  mag n i t ude l ow e r  than t h e  s peeds u s e d  by 
S te ph e n s  e t  a l . ( 1 9 8 1 }  f o r  t h e  s am e  operat i on s  pe r f o rmed 
wi th c onven t i ona l e qu i pmen t . T h e  l ow s peeds did n o t  
p r e v e n t  t h e  i mp l emen t s  f r o m  p e r f o rm i ng the i r  func t i on s , · 
and , i n  any c a s e , i t  wou l d  be po s s i b l e  to mod i fy o r  
deve l op i mp l ements t o  i mprove t h e i r  p e r f o rmanc e a t  l ow 
s pe ed s . The l ow ove r a l l s p e e d  o f  the s ys t em doe s , 
howeve r , l i m i t  i t s appl i ca t i on s . T h e  te s t  s ys t em made u s e  
o f  a s i n g l e  span o f  a c e n t e r  p i vo t  s y s t em . W i t h t h e  o u te r  
end o f  th i s  s pan runn i ng c on t i nu ou s l y , a n  opera t i on s uc h  
a s  p l an t i ng - c ou l d be p e r f o rmed i n  1 5 . 1 1 h o u r s . Th e a r e a  
c o v e r ed by that s i ng l e  s pan i s  . 2 7 0 2  ha . Such a l ow wo rk 
ra t e  mak e s  t h e  e x i s t i ng s y s t em i nappropr i at e  f o r  mo s t  
c r ops . Th e prob l em o f  l ow wo r k  r a t e  wou l d  be acce n t ua t ed 
a s  t owe r s pans we re added t o  t h e  s y s t e m . The s pe ed o f  t h e  
s ys t em i s  l i m i ted by t h e  s p e e d  o f  t h e  o u t e r  towe r a n d  i t s 
dr i ve mechan i sm . I f  an i r r i ga t o r  wa s u s ed wi t h o u t  
· a l t e ra t i on to the dr i ve s ys t em , t h e  add i t i on o f  a span 
wou l d  s i mp l y  i nc re a s e  t h e  
r e vo l u t i on . The s pe e d  
mod i f i c at i ons we re made t o  
t i m e  r e qu i red to 
p r o b l e m  c o u l d  be 
the c e n t e r  p i vo t  
c omp l e t e  
reduc ed 
dr i ve s  
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i nc r e a s e  the angu l a r  s p e e d  o f  t h e  s ys tem . Th e wo rk r a t e  
o f  th e to o l  frame wou ld s t i l l  be l ow n e a r  the c e n t e r  o f  
t h e  p i vo t , wh e r e  t h e  t ang e n t i a l s pe e d  o f  t h e  i r r i gator i s  
l ow , but i t  m i g h t  be abl e  t o  c omp l e t e  an operat i on i n  a 
r e a s onab l y  t i me l y  manne r . · S uc h  mod i f i cat i on s  o f  t h e  
i r r i g a t o r  m a y  n o t  be c ompa t ab l e , h oweve r , w i th i ts ro l e  a s  
a wat e r  app l i c a t o r . 
A l t e rnat i ve Sys t em s  A po s s i b l e  a l t e rna t i ve s y s t em 
u s i ng a l i near move i r r i ga t i o n s ys t em came to l i g h t  du r i ng 
t e s t i ng o f  t h e  s p i ral m e c h an i z a t i on s ys t em . Th e 
a l t e r nat i ve concept may b e  ab l e  t o  s o l ve s ome o£ t h e  
prob l e m s  i nh e r e n t  t o  t h e  c e n t e r  p i vo t  c en t e r e d  g u i dance 
s ys tem . An ex i s t i ng l i ne a r  move i r r i gat i on mach i n e  c o u l d  
b e  u s ed as a - po s i t i o n re f e r e n c e  dev i c e and mob i l e  powe r 
s ou r c e . An e l ec t r i c  t o o l  f r am e  s i m i l ar to t h e  one i n  u s e  
b y  t h e  s p i ra l  mech an i z at i on s y s t e m  c ou l d  be us ed to prope l 
i m p l emen t s . I n s t ead o f  fo l l ow i ng p e rp e nd i c u l a r t o  t h e  
i rr i ga t o r , the t o o l  frame c o u l d  be made t o  r u n  paral l e l  to 
t h e  i r r i g a t o r  g ant ry . The t o o l  f rame wou ld ope rate back 
and f o r th be twe e n  the ends of the i r r i ga t o r , wh i l e the 
i r r i ga t o r  i nc r emented one i mp l e m e n t  wi d t h  fo rward a f t e r  
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e ac h  pas s . Such a s y s t e m  wo u l d  have at l eas t t h r e e  
d i s t i nc t  advan t ag e s . 1 )  T h e  r e f e r e n c e  s ys tem wou l d  o n l y  
c o v e r  the f i e l d o nc e  t o  pe r f o rm a n  operat i on ,  i ns t ead o f  
many t i me s . A s  a r e s u l t , t h e  e n e r g y  devo ted t o  t o o l  frame 
r e f e r en c e  c ould be g rea t l y  r e duc e d . 2 )  The t o o l frame 
s pe ed c o u l d  be i ndependent of the r e f e rence s ys t em s pe e d . 
B ecaus e the t o o l f rame wou l d  f o l l ow a l ong the g ari t ry 
i n s t ead o f  b eh i nd i t , t h e  t o o l  f r ame c ould be b u i l t  t o  g o  
much fa s t e r  and mak e  mo r e  e f f i c i en t  u s e  o f  the e l e c t r i c  
power u s ed b y  the dr i v e m o t o r s  b y  k e e p i ng them prope r l y  
l o aded . 3 ) The t o o l  f rame c o u l d  run n e a r l y  c on t i nuou s l y  a t  
a mo r e  convent i on a l  s pe e d  g r e a t l y  r e duc i ng the t ime s p e n t  
t o  comp l e t e  a n  ope r a t i on . 
Prob l em s  wi th such a s ys t em would i nc l ude a m o r e  
c ompl ex s te e r i ng s ys t em t o  g u i de t h e  t o o l · frame a t  h i g h e r  
s pe eds and reve r s e  i t  a t  t h e  s ys t e m  ends . Al s o , s om e  
mec han i sm o t h e r  than f l e x i b l e  c o rd s , wou l d  pr obab l y  be 
n e e de d  t o  t r ans fer e l ec t r i c  p owe r t o  t h e  t o o l frame . Such 
a s ys t em wou l d  have g r e a t e r  po t e n t i a l  t o  p e r fo rm 
operat i ons i n  a t i me l y , e f f i c i en t  mann e r ; a nec e s s i t y i f  
an au tomat i c  c r o pp i n g s ys t e m  i s  t o  have a comme r c i a l  
appl i ca t i on . 
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Draft Mode l Te s ts 
The va l u e s  o f  dra f t  p r e d i c t ed by the McKye s mode l f o r  
t h e  cu l t i va t o r  we re compa r e d  t o  t he measured val u e s  o f  
d r a f t  f o r  t h e  c o r r e s pond i ng t e s t s  ( Tabl e  7 ) . I n  each 
c ompa r i s o n , t h e  pred i c t ed va l u e  of dra f t  exce eded the 
m e a s u red va lue . Va l u e s  o f  p r ed i c t ed dra f t  ranged from 
1 7 2 % t o  1 0 1 % o f  m e a s u red dra f t . A S t uden t ' s  t te s t  o f  
ma tched pa i r s wa s used t o  c ompa r e  the means o f  th e 
p r ed i c t ed and measu red v a l u e s . A t wo t a i l e d  t e s t  wi t h  a 
9 5 % c on f i denc e l e ve l wa s u s ed . Th i s  c ompar i s on i nd i c a t e d  
a s i gn i f i can t d i f f e r enc e be t w e e n  t h e  m e a n  o f  the pred i c t e d  
d ra f t s  a n d  the mean o f  t h e  m e a s ured dra f t s . Both meas u r ed 
and p r ed i c t ed va l u e s  we r e  p l o t t ed aga i n s t  we i gh ted ave rag e 
cu l t i va t o r  depth s fo r 
( F i gu r e  2 6 ) .  We i gh t ed 
t h r e e  d i f f e r e n t  w i dth 
th e c o r r e spond i ng data runs 
ave rage . d e p th s we re u s ed becau s e  
t i ne s  w e r e  u s ed and t h e r e  wa s 
c o n s i de rab l e  var i a t i on i n  d e p t h  be tween t i ne s . 
we i gh ted depth was cal c u l a t ed a s : 
wh e r e  D i s  the we i ghted ave rag e d e p t h , w i s  the i nd i v i dual 
t i ne w i dth , d i s the i nd i v i dua l t i n e  depth , and i i s  the 
s ub s c r i pt f o r  the 1 6  t i ne s  of the c u l t i va t o r . 
T ab l e 7 .  Pred i c t ed and me a s u r e d  d r a f t s , · and we i gh t e d  
ave rage t o o l  dept h s . 
D e p th 
4 . 4 4 ( em ) 
5 . 1 3 
6 . 8 2 
6 . 3 9 
8 . 1 8 
8 . 3 4 
Pred i c t ed D ra f t  
2 . 5 5 ( kN )  
2 . 9 6 
3 . 9 1 
3 . 9 9 
5 . 0 7 
6 . 0 2 
Mea sured D r a f t  
1 . 7 2 ( kN )  
2 . 2 8 
2 . 2 7 
3 . 5 8 
5 . 0 1 
5 . 9 1 
1 2 0  . 
The measu r ed and p r ed i c t ed d r a f t s  t ended t o  c onve r g e  
a s  t h e  d e p t h  i nc r e a s ed . S e v e ra l  c o nd i t i on s  we r e  obs e rv e d  
t h a t  m a y  h a v e  c ont r i bu t ed t o  h i gh e r  va l u e s  o f  pred i c t ed 
dra f t  at the s e  s h a l l ow dept h s . A l ay e r  o f  dry s o i l  1 t o  
2 c e n t i me t e r s  th i ck wa s p r e s e n t  o n  t h e  s u r face o f  t h e  
s o i l . Cohe s i ve and adh e s i ve prope r t i e s o f  the s o i l  we r e  
m e a s u red b eneath th i s  d r y  l ay e r  and re f l ec t ed t h e  
p r o pe r t i e s o f  the de epe r , m o i s t  s o i l . D e p t h  o f  t i ne 
mea s u r emen t s  were made f r om t h e  s o i l  s u r face t o  the b o t t o m  
o f  t h e  t i ne f u r row . S o , wh i l e t h e  m e a s ured d e p t h  was 
t r e a t ed a s  hav i ng un i fo rm p r o p e r t i e s , t h e  dry , l o o s e  l aye r 
o f  s o i l  on the s u r fac e wo u l d  have h ad l i t t l e  cohe s i on o r  
adh e s i on and wou l d  have cont r i bu t ed l e s s  t o  ac tual dra f t  
than i nd i cated b y  t h e  mode l . Any e x ag g e rat i on o f  dra f t  by 
t h e  mode l due to th i s  l aye r wo u l d  bec ome l e s s  pronounced 
a s  t h e  depth i nc re a s ed . A l s o , wh i l e t h e  draft mode l do e s  
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no t have any s tated l i m i t s  t o  i t s app l i cat i on , t h e  depth s 
u s ed f o r  the s e  t e s t s  we r e  r e l a t i v e l y  s hal l ow , and may be 
n e a r  t h e  l ow e r  l i m i t  of app l i c ab l e  depths for the mode l . 
Othe r fac t o r s  that mu s t  b e  c o n s i de re d  i n  e va l ua t i ng 
t h e  accuracy o f  the pred i c t i on s  i nc l ude ; t h e  acc u rac y  o f  
me a s u reme n t s  o f  s o i l pr o pe r t i e s , appropr i a te rake ang l e ,  
and t i n e g eome t r y . S o i l  t e s t s , i n  t h i s  c a s e , we r e  done 
w i th the u s e  o f  a Cohron S h e ar g raph . The values f o r  s o i l 
i n t e rnal f r i c t i on ang l e  and s o i l - t o - me ta l  f r i c t i on ang l e  
appeared t o  h ave good r e p e a t ab i l i t y . Th e s e , and the v a l ue 
f o r  s o i l  c o h e s i o n , we r e  e va l ua t ed a s s um i ng the u l t i m a t e  
c o he s i on t o  be the appro p r i a t e  s o i l parame t e r s , a s  oppo s e d  
t o  t h e  peak value s o f  c oh e s i o n .  T h e  S h earg raph i nd i c a t ed 
h i gh peak va l u e s  o f  c oh e s i on , po i n t s  a t  wh i ch t h e  s oi l 
i n i t i a l l y  frac ture s .  I f  t h e s e  peak va l ue s  had b e e n  u s ed 
t o  d e t e rm i ne t h e  f r i c t i on ang l e  and coh e s i o n , t h e  mode l 
wo u l d  have pred i c t ed much h i gh e r  dra f t s . 
Th e a s s ump t i on that the s o i l - t o -m e t a l  adh e s i on wa s 
e qual t o  one hal f o f  t h e  s o i l c oh e s i on was made becau s e  
r e l i ab l e  e s t i ma t e s  o f  s o i l  t o  m e t a l  adhe s i on we r e  
unava i l ab l e . Wh i l e  probab l y  n o t  g ro s s l y  i nappropr i a t e , 
t h i s  v a l u e  for adhe s i on do e s  r e pr e s en t  an approx i mat i on . 
H i g h e r  o r  l owe r e s t i ma t e s  o f  t h i s  param e t e r  wo u l d  y i e l d 
c o r r e s pond i ng l y h i g h e r  o r  l ow e r  p r ed i c t i ons o f  dra f t . 
Rak e ang l e s  we r e  me a s u re d  a s  a c h o rd f r om the t i p  o f  
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t h e  c u rved t i n e to a po i n t  c o r r e s po nd i ng t o  t h e  s o i l 
s u r face . S i nc e  dept h s  we r e  v a r i ed dur i ng t h e  t e s t s , t h e r e  
wa s pr obab l y  s ome var i a t i on i n  t h e  e f fec t i ve rake ang l e .  
I n  addi t i on to th i s  var i a t i on , t h e  f l ex i ng o f  t h e  s pr i ng 
t e e t h  s uppo rt i ng t h e  t i n e s  wo u l d  h ave added s ome sma l l  
var i ab i l i t y t o  the rak e  ang l e s . 
The too l g e ome t r y  u s ed b y  McKye s f o r  t h e  mode l be i ng 
t e s t ed wa s a s i mp l e  s t ra i gh t  f l a t  s hank o f  w i dth w .  Th e 
n a r r owe s t  o f  the t i n e s  u s e d  b y  t h e  c u l t i va t o r  c l o s e l y  
r e s e mb l ed the mode l t i n e . T h e  w i de s t  t i n e s , o r  swe e p s , 
u s ed w e r e  t r i angu l a r  i n  s hape . The s i de w i n g s  o f  t h e s e  
s we e p s  s l oped down and away f ro m  t h e  c e n t r a l  ax i s  o f  t h e  
t o o l . Th e o n l y  as pec t s  o f  t o o l g e om e t r y  cons i de r e d  i n  
th i s  wo rk we re t o o l  width and rake ang l e . No a t t empt wa s 
made t o  i s o l a t e  o r  eva l ua t e  t h e  e f f ec t s  o f  t o o l  g e ome t r y  
o the r than t o  c ompare o v e r a l l  p r ed i c ted dra f t  w i t h  
m e a s ured draft . 
Ove r a l i ,  the mode l pe r f o rm e d  we l l  i n  pred i c t i ng the 
draft of a cu l t i va t o r . T h e  p r e d i c t i on s  we r e  c l o s e  enough 
t o  ac tual dra f t s  to mak e the m ode l acc e ptab l e  fo r many 
ag r i cu l t u r a l  appl i ca t i o n s  u s i ng s i m i l a r  s o i l s , 
dep th s . 
t o o l s , and 
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Conc l us i ons 
The s p i ral mec han i z a t i on s ys t em was · ab l e  to g e n e r a t e  
and Arch i m i dean s p i r a l  path wh i l e p l an t i ng a r o w  c r o p . 
T h e  s ys t em wa s not ab l e  t o  r ep e a t  that pat t e rn w i t h  
s u f f i c i e n t  ac curacy t o  c u l t i va t e  t h e  c r o p . Th e g u i danc e 
s ys t em u s ed by �h e  t o o l - f r am e  t o  f o l l ow the g e n e r a t e d  
s p i ra l  d i r ec t r i x  pe r f o rmed c o n s i s t e n t l y b e t w e e n  o pe r a ­
t i o n s . T h e  i nab i l i t y o f  t h e  o ve r a l l s ys te m  t o  repeat t h e  
p l an t i ng path was t r ac ed t o  t h e  g round dr i ve n  rad i a l  
advance mechan i s m . Th i s  m e c h an i sm g e n e rated a s p i ra l  w i th 
a l a r g e r  rad i a l  advanc e  i nc r ement dur i ng cu l t i vat i on than 
was g e ne ra t ed for the p l an t i ng o p e r a t i on . The s ou r c e  o f  
th e var i a t i on wa s mo s t  p r obab l y  t h e  g r o und dr i ve wh e e l  and 
i t s s o i l -wh e e l  i n t e r fac e . I f  t h e  s y s t em we r e  t o  be u s ed 
f o r  row c rop wo rk , s ome mod i f i ca t i on o r  add i t i on t o  t h e  
s yst em wou ld be r e qu i r ed t o  e l i m i na t e  c ummu l at i ve p a t h  
e r r o r s . App l i cat i on s  n o t  r e qu i r i ng a c l o s e  t o l e rance t o  
t h e  p r e v i ous pas s or ope rat i o n  c o u l d  be performed w i th t h e  
s y s t e m , a s  i s . 
The ove ral l e f f i c i enc y o f  t h e  p r e s en t  s p i ra l  
mechan i zat i on s ys t e m  f r om fue l c ombu s t i on t o  drawbar wo r k  
wa s fo und to be 0 . 8 1 % f o r  p l an t i ng . S i m i l a r l y , e f f i c i en c y  
f o r  cu l t i va t i on o f  t h e  c r o p  wa s f ound t o  b e  1 . 6 % �  The s e  
va l u e s  c ompa r e  t o  e f f i c i enc i e s  o f  8 . 9% and 7 . 5 % f o r  
p l an t i ng and cu l t i va t i on w i t h  a c onven t i onal d i e s e l  s ys -
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t ern . The pre s e n t  s p i r a l  m e c h an i z at i on s ys tem repre s e n t s  
a n  i ne f f i c i ent u s e  o f  e n e rg y  r e s o u rc e s compared t o  a c o n ­
vent i ona l s ys t em . T h e  i n e f f i c i e n c y  o f  the e l ec t r i c  s ys t e m  
can be a t t r i bu t ed to i n s u f f i c i e n t l y  l o aded dr i ve mo t o r s , 
and t o  t h e  r e l a t i ve l y  l ar g e  amount o f  energy r e qu i red b y  
t h e  s ys tem to prov i de a c on s t an t l y  mov i ng d i rec t r i x . 
Th e c o s t o f  the e n e r g y  u s e d  b y  t h e  s p i ral s y s t em t o  
p l ant a c rop was $ 2 . 3 9 / h a  compared t o  $ 1 . 1 2 / ha f o r  a 
c onven t i onal c r opp i ng s y s t em . C o s t  o f  c u l t i vat i o n e n e r g y  
w a s  $ 3 . 1 5 / ha f o r  t h e  e l ec t r i c  s ys t em a nd $ 1 . 1 0 / h a  f o r  t h e  
c onven t i on a l  one . Ec onom i c  c h o i c e s  made s o l e l y  o n  th e 
bas i s  o f  ene rgy c o s t  wou l d s t r o ng l y  fav o r  t h e  c onvent i ona l 
s ys t em over the p r e s e n t  s p i r a l  mechan i z at i on s ys t em . 
The f o l l ow i ng mod i f i c at i on s  t o  the s p i r a l  mechan i z a­
t i on s y s t em wou l d  i mprove i t s prac t i c ab i l i ty .  1 )  A mec han ­
i sm t o  c o r rec t the d i r ec t r i x  pat h  t o  prevent cummu l a t i ve 
e r r o r s . 2 )  The s peed o f  t h e  p r e s en t  s ys t e m  i s  l ow .  I f  
c ro p  ope rat i o ns we r e  to b e  p e r f o rmed i n  a t i me l y  manne r ,  
an i nc r e a s e  i n  the ope rat i ng s pe ed o f  t h e  re fe rence s ys t e m  
a n d  to o l - f rame i s  h i gh l y  r e c o mm e nded . 3 )  The dr i ve m o t o r s  
o f  t h e  t oo l � f rame and r e f e r e nc e  s y s t em need t o  be s i z e d  t o  
a l l ow comp l e t e  and e f f i c i e n t  u s e  o f  t h e  e n e r g y  i nput s 
wh i l e pe r f o rm i ng f i e l d  ope r a t i on s . 
Many o f  the modi f i c a t i o n s  r e c ommended i n  the e x i s t i ng 
s p i r a l  mechan i zat i on s ys t em may b e  mo r e  eas i l y adapted t o  
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a s ys tem that ut i l i z e s  a l i ne a r  move i r r i g ator i n s t ead o f  
a c e n t e r  p i v o t . I f  a s ys t em w e r e  de s i gned to a l l ow t h e  
t o o l - f rame to ope rate para l l e l  t o  t h e  r e fe rence gan t r y , 
t h e  t o o l - frame s peed , and mo t o r  l oad i ng , c o u l d  be i nd e ­
pendan t o f  t h e  i r r i ga t o r  s pe ed . Ene rgy u s a g e  by t h e  r e ­
f e r en c e  s y s t em c o u l d  be g re a t l y  r educed a s  t h e  numbe r o f  
pas s e s  b y  the i r r i ga t o r  r e qu i r ed t o  compl e t e  an o pe rat i on 
wou l d  be r educ ed t o  o n e . T i m e l y  p e r f ormance o f  o p e ra t i o n s  
would b e  mo re eas i l y ac h i e vab l e  w i th h i g h e r  t o o l - f rame 
s pe eds . E n e rgy e f f i c i enc y  o f  the t o o l - frame mo t o r s  c o u l d  
be much h i gh e r  s i nce t h e y  c o u l d  be s i z ed f o r  opt i mum 
l oadi ng . I t  i s  rec ommended t h a t  future r e s earch i n  th e 
u s e  o f  i r r i g at i o n mach i n e s  a s  t o o l - f rame r e f e r ence devi c e s  
be d i r ec t ed a t  t h e  u s e  o f  a l i n e a r  move s ys tem b e f o re 
fu r t h e r  r e s ourc e s  a r e  e mp l o ye d  t o  i mprove th e s p i r a l  
mechan i z a t i on s ys tem . 
I t  wa s appa rent i n  t h e  c o u r s e  o f  the re v i ew o f  ·l i t ­
u r a t u r e  pe r ta i n i ng t o  au t o ma t i c  g u i dance i n  ag r i c u l t u r e , 
that ve ry l i t t l e wo rk has b e e n  done r egard i ng the e c onom i c  
v i ab i l i t y o f  automa t i c  gu i da n c e  i n  ag r i cu l tural mach i n e s . 
S ome future r e s earch i s  war ra nt ed i n  t h e  area o f  aut omat i c  
g u i dence s y s tem c o s t s , b e ne f i t s , r e l i ab i l i ty ,  and t h e  
t o l e ranc e o f  f i e l d  o pe r a t i on s  t o  s ys t em ma l func t i o n s . 
T h e  draft va l u e s  p r ed i c t ed b y  t h e  McKye s mode l o f  
s o i l  fo rc e s  for the c u l t i va t o r  were found t o  be s i g n i -
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f i c ant l y  d i f f e r e n t  t han t h e  m e a s u r e d  draf t s . Even th ough 
the dra f t s  we r e  found to b e  d i f f e r en t , ·the mode l d i d  a 
r e a s onab l y  g o od j ob o f  p r ed i c t i ng the s o i l  f o rc e s  on a 
c u l t i va t o r . Pred i c t ed dra f t s  we r e  1 0 1  to 1 7 2% o f  mea s ur e d  
d r a f t s . Pred i c t i ons w e r e  t h o ugh t c l o s e  e nough t o  make t h e  
mode l u s e ful for pr ed i c t i n g  t h e  d r a f t s  o f  o t h e r  s o i l t i ne 
i m p l em e n t s  i n  app l i ca t i o n s  i n  wh i c h s peeds a r e  l ow and 
i ne r t i a l  fo r c e s  are m i n i ma l . 
F u r t h e r  val i dat i o n o f  t h i s  mode l i s  r ec ommended ove r 
a b r o ade r range o f  t o o l  d e p th s , s o i l  c o nd i t i on s , and t o o l  
g e ome t r i e s . T h e  e l e c t r i c  t o o l - f rame was a u s e fu l  p o we r  
s ou r c e  and i n s t rume nt p l a t f o rm f o r  t h e s e  l ow ve l o c i t y  
t e s t s , and c o u l d  be u s ed ag a i n  t o  obta i n  add i t i onal da t a  
t o  ve r i f y t h e  McK ye s dra f t  mode l . 
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Tabl e A . l .  L i s t  o f  s ymbo l s  and var i abl e s  u s ed and t h e  
as s o c i at e d  ph ys i ca l  quant i t y .  
Symbo l 
a 
c 
C a  
d 
D 
E 
g 
H 
k 
L 
M 
p 
R 
C o r r e spond i ng quan t i ty 
The chang e i n  r ad i us a s s oc i a ted w i th 
an ang u l a r  i n c r em e n t  of 2w rad i an s  
f o r  a n  arc h i m ed i an s p i ral . 
T h e  va l ue o f  s o i l  c o he s i on ,  i n  kPa . 
Th e va l ue o f  s o i l t o  m e t a l  adh e s i on , i n  
kPa . 
The depth o f  o p e ra t i on o f  the s o i l  t o o l 
beneath t h e  s o i l  s u r fac e , i n  me t e r s . 
The we i g h t ed average s o i l  t o o l  depth . 
The e n e r g y  u s ed b y  t h e  s p i ra l  
mechan i z a t i on s ys t em dur i ng a n  operat i on . 
Al s o , t h e  s t ra i n  guag e  b r i dg e  exc i t at i o n  
vo l tage . 
The acc e l e r at i on due t o  g rav i t y , i n  m / s 2 . 
Th e va l u e  o f  h o r i z on t a l  dra f t , i n  kN . 
The param e t e r  u s ed t o  de s c r i be an 
arch imed i an s p i ra l . 
U s e d  to r e pr e s en t  t h e  arc l eng th o f  a 
po r t i on o f  an arch i me d i an s p i ral . 
The rad i us u s e d  t o  c a l c u l ate percen tage 
o f  to o l - f ram t i me s pe n t  turn i ng . 
Th e re s u l tant f o r c e  o f  t h e  s o i l on t h e  
t i l lage t o o l . 
Th e r e s i s tanc e acro s s  any o f  s e v e r a l  
po t en t i ome t e r s  u s ed a s  t ransduc e r s , i n  
ohms . 
Tab l e  A . l .  
Symbo l 
r 
s 
v 
w 
y 
0 
e 
1 3 5 · 
( c on t i nued ) 
C o r r e spond i ng quan t i ty 
The f o rward d i s tance o f  s o i l  fa i l u r e  i n  
the Godw i n  and S p o o r  draft mode l . . Al s o , 
repr e s e n t s  t h e  c o r r e l a t i on c o e f f i c i e n t . 
Th e s i g nal f r om any o f  s e veral i n s t rumen t s , 
measured by t h e  data aqu i s i t i on s y s tem i n  
vo l t s . 
The ve r t i ca l  c ompo n e n t  o f  t h e  dra f t  
force , i n  k N . 
Th e w i dt h  o f  t h e  t i l l a g e  t o o l  t i ne , i n  
me t e r s . 
Th e pe r c e n t a g e  o f  t o o l  frame runn i ng 
t i me that wa s devo ted t o  turns . 
Th e s o i l t o o l rake ang l e , i n  de g r e e s . 
The s o i l  bu l k  d e n s i t y i n  t o n s / m 3 . 
The s o i l i n t e rnal f r i c t i on ang l e , i n  
deg re e s . 
Th e s o i l t o  m e t a l f r i c t i on ang l e , i n  
deg r e e s . 
Th e ang l e  a s s o c i at e d  w i th s om� 
po r t i on of an arch i med i an � p t ral . 
1 3 6 ' 
APPENDI X  B 
GROUND DRI VE I NCREMENT DATA 
Tab l e  B . 1 .  Rad i a l i nc r e me n t s  o f  t h e  �round dr i ve 
r e f e rence s ys t em f o r  c o n s e cu t i ve r evo l ut i on s  du r i ng a 
p l an t i ng operat i on . 
R e vo l u t i on Boom C h a n g e  Ground Chang e 
numbe r rad i u s *  rad i u s * * 
0 5 . 4 1 ( m ) - - - - - 5 . 6 2 ( m ) 
1 7 . 5 0 2 . 0 9 ( m ) - 7 . 8 6 2 . 4 5 
2 9 . 7 7 2 . 2 6 1 0 . 3 2 2 . 4 5 
3 1 1 . 9 8 2 . 2 2 1 2 . 6 7 2 . 3 6 
4 1 4 . 2 0 2 . 2 2 1 4 . 9 5 2 . 2 8 
5 1 6 . 4 3 2 . 2 3 1 7 . 2 3 2 . 3 2 
6 1 8 . 6 3 2 . 2 0 1 9 . 4 9 2 . 2 1 
7 2 0 . 8 5 2 . 2 2 2 1 . 7 6 2 . 2 7 
8 2 3 . 0 8 2 . 2 3 2 3 . 9 5 2 . 2 0 
9 2 5 . 3 3 2 . 2 5 2 6 . 2 6 2 . 3 0 
1 0  2 7 . 5 7 2 . 2 4 2 8 . 5 8 2 . 3 2 
1 1  2 9 . 8 3 2 . 2 6 3 0 . 6 4 2 . 0 7 
mean 2 . 2 1 9 2 . 2 7 5  
s t andard de v i a t i on 0 . 0 4 4  0 . 0 9 4  
* Rad i us mea s u r ed f r om t h e  p i vo t  c e n t e r  to the 
d e s c e nd i ng umb i l i c a l  c o rd a l on g  t h e  bo om . 
* *  Rad i us measured f r om t h e  p i vo t  c e n t e r  to the 
c e n t e r  o f  th e m i dd l e  p l an t  r ow . 
1 3 7 . 
( m )  
1 3 8 ·  
Tab l e  B . 2 .  Rad i al i nc r eme n t s  o f  t h e  g round dr i ve 
re fe re nc e s ys tem for c o n s e c u t i ve r evo l u t i ons dur i ng a 
c u l t i vat i on operat i on . 
R ev o l u t i on 
n umb e r  
0 
1 
2 
3 
4 
5 
6 
7 
8 
mean 
Boom 
rad i u s *  
. 5 . 4 1 ( m )  
7 . 6 8 
9 . 9 1 
1 2 . 1 8  
1 4 . 1 2  
1 6 . 3 9 
1 8 . 6 7 
2 0 . 9 3 
2 3 . 2 0 
s tandard dev i at i o n 
Change 
2 . 2 7 ( m )  
2 . 2 4 
2 . 2 7 
1 .  9 4 * 
2 . 2 8 
2 . 2 8 
2 . 2 6 
2 . 2 7 
2 . 2 6 4  
0 . 0 1 2  
Ground 
rad i us * * 
5 . 6 6 ( m )  
7 . 9 7  
1 0 . 4 6 
1 2 . 9 2 
1 4 . 8 9 
1 9 . 5 8 
1 9 . 5 8 
2 1 . 9 4 
2 4 . 2 8 
Chang e 
2 . 3 1 ( m )  
2 . 5 0 
2 . 4 5 
1 .  9 7 *  
2 . 3 7 
2 . 3 3 
2 . 3 6 
2 . 3 4 
2 . 3 2 6  
0 . 0 6 6  
* Becau s e  o f  a s ys t e m  ma l f un c t i on , th i s  i nc remen t i s  
n o t  repre s en t a t i ve o f  a n o rm a l  revo l u t i on , and wa s 
n o t  u s ed i n  s ta t i s t i c a l  c a l c u l at i on s . 
1 3 9 
Tab l e  B . 3 R ad i a l  i n c r e m e n t s  o f  t h e  g round dr i ve re f e r e n c e  
s ys t em for c o n s e c u t i v e r e v o l u t i o n s  dur i ng ope ra t i on 
w i thout an i m p l e m e n t . 
Re v o l u t i o n B o o m  Change Ground Chan g e  
numbe r r ad i u s *  rad i u s * * 
0 5 . 4 2 ( m )  5 . 0 6 ( m )  
1 7 . 6 4 2 . 2 2 ( m )  7 . 3 6 2 . 3 0 ( m )  
2 9 . 8 5 2 . 2 2 9 . 7 4 2 . 3 7 
3 1 2 . 0 7 2 . 2 2 1 2 . 0 7 2 . 3 3 
4 1 4 . 2 6 2 . 1 9 1 4 . 3 5 2 . 2 8 
5 1 6 . 4 7 2 . 2 1 1 6 . 6 1 2 . 2 6 
6 1 8 . 6 9 2 . 2 2 1 8 . 8 9 2 . 2 9 
7 2 0 . 9 1 2 . 2 2 2 1 . 1 0 2 . 2 0 
8 2 3 . 1 3 2 . 2 3 2 3 . 4 1 2 . 3 1 
m e an 2 . 2 1 6 2 . 2 9 3  
s tanda rd de v i a t i o n 0 . 0 1 2  0 . 0 5 0  
* R ad i u s m e a s u r ed f rom t h e  p i vo t  c e n t e r  t o  a po i n t 
on t h e  g r ound ben e a t h  t h e  d rawbar . 
1 4 0 · 
APPENDIX C 
DATA USED FOR CALCULAT I ON OF TOOL FRAME RUNNI NG 
T I MES , TURN I NG T I MES , AND REFERENCE SYSTEM RUNNI NG T I MES 
1 4 1 · 
Tab l e  C . 1 Arc l e n g th s , s p e e d s , t o o l  f r�me runn i ng t i me s , 
and pe rc entage o f  t i me s p e n t  t u rn i ng , by revo l u t i on ,  f o r  a 
p l an t i ng ope rat i on . 
Rev . Rad . a v e Arc l eng t h  Spe e d  T i met o t  % Turn i ng 
1 6 . 5 2 ( rn )  4 1 . 0 3 ( m )  2 . 3 5 ( cm/ s ) 1 7 4 6  ( s ) 2 6 . 3  % 
2 8 . 7 4 5 4 . 9 5 2 . 6 0 2 1 1 4 2 0 . 4  
3 1 0 . 9 6 6 8 . 8 9 2 . 6 2 2 6 2 9  1 5 . 8  
4 1 3 . 1 8  8 2 . 8 2 2 . 7 8 2 9 7 9  1 2 . 1  
5 1 5 . 4 0 9 6 . 7 6 2 . 6 5 3 6 5 1 9 . 4  
6 1 7 . 6 2 1 1 0 . 7 0 2 . 6 7  4 1 4 6  7 . 2 
7 1 9 . 6 1 1 2 4 . 6 4 2 . 6 3 4 7 4 0 5 . 8  
8 2 2 . 0 6 1 3 8 . 5 8  2 . 6 9 5 1 5 2  4 . 3  
9 2 4 . 2 8 1 5 2 . 5 2 2 . 6 6 * 5 7 3 4  3 . 3  
1 0  2 6 . 5 0 1 6 6 . 4 6 2 . 6 6 * 6 2 5 8 2 . 6 
1 1  2 8 . 7 2 1 8 0 . 4 0 2 . 6 6 * 6 7 8 2 2 . 0 
Total runn i ng t i me = 4 5 , 9 3 0 s ec onds 
T i me s pe n t  turn i ng = 3 , 2 9 0  s e conds 
Fo rward runn i ng t i me = 4 2 , 6 4 0  s ec onds 
* Re l i ab l e  s pe ed va l u e s  we r e  n o t  ava i l ab l e  h e r e . T h e  
va l ue s  u s ed repre s en t  t h e  ave r a g e  o f  the t h r e e  prev i o u s  
r e v o l u t i ons . 
1 4 2 · 
Tab l e  C . 2 Arc l e n g th s , spe e d s , t o o l frame runn i n g  t i m e s , 
and p e r c e n tage o f  t i me s p e n t  t u r n i ng , by revo l u t i on , f o r  a 
c u l t i va t i o n opera t i on . 
Rev . 
1 
2 
3 
4 
5 
6 
7 
8 
9 
1 0  
1 1  
Rad . a v e Arc l eng t h  Spe e d  T i met o t  
6 . 5 2 ( m )  4 1 . 0 3 ( m )  2 . 6 0 ( cm / s ) 1 5 7 8  
8 . 7 4 5 4 . 9 5 2 . 8 4 1 9 3 5  
1 0 . 9 6 6 8 . 8 9 2 . 9 5 2 3 3 5  
1 3 . 1 8 8 2 . 8 2 3 . 4 4 2 4 0 8  
1 5 . 4 0 9 6 . 7 6 3 . 0 8 3 1 4 2  
1 7 . 6 2 1 1 0 . 7 0 3 . 1 7 3 4 9 2  
1 9 . 6 1 1 2 4 . 6 4 3 . 2 0 3 8 9 5  
2 2 . 0 6 1 3 8 . 5 8 3 . 2 4 4 2 7 7  
2 4 . 2 8 1 5 2 . 5 2 3 . 3 1 4 6 0 8  
2 6 . 5 0 1 6 6 . 4 6 3 . 0 0 5 5 4 9  
2 8 . 7 2 1 8 0 . 4 0 3 . 1 8 * 5 6 7 3  
T o t a l  runn i ng t i m e  = 3 8 , 8 9 0  s econds 
T i me spent turn i n g  = 2 , 8 5 0  s e conds 
Fo rward runn i ng t i m e  = 3 6 , 0 4 0  s e co nds 
( s )  
% Tu rn i ng 
2 6 . 3 ( % )  
2 0 . 4  
1 5 . 8  
1 2 . 2  
9 . 4  
7 . 3  
5 . 8  
4 . 4  
3 . 4  
2 . 6  
2 . 0  
* R e l i ab l e  speed va l u e s  we r e  n o t  ava i l ab l e  h e r e . T h e  
v a l u e  u s e d repre s e n t s  t h e  ave rage o f  the three prev i o u s  
r e vo l u t i o ns . 
1 4 3 ' 
APPEND IX D 
MEAN VALUES OF VOLTAGE AND CURRENT MEASURED DUR I NG 
PLAN T I NG AND CULT I VAT I ON OPERATI ONS 
T ab l e  D . l .  Mean va l u e s  o f  vo l tage meas ured du r i ng a 
p l an t i ng opera t i o n . 
Phas e  
1 2 3 
a l l mo t o r  2 7 8  v 2 8 0  2 7 0  
c o mb i na t i o n s  
s tandard 0 . 7 4 v 0 . 6 0 2 . 5 2 
d ev i a t i on 
s amp l e  s i z e 2 3  2 3  2 3  
Tab l e  D . 2 .  Mean va l ue s  o f  c u r r e n t  m e a s u red dur i ng a 
p l an t i ng o pe rat i o n . 
Pha s e  
1 2 3 
1 mo t o r* 1 . 3 8 Amp s  1 . 2 7 1 . 8 0 
s td de v i a t i o n 0 . 1 3 9 0 . 0 9 0  0 . 2 5 0  
s amp l e  s i z e 8 9 1 1  
2 mo t o r s * * 3 . 0 5 2 . 4 6 3 . 3 5 
s td de v i a t i on 0 . 1 8 4  0 . 6 4 6 0 . 2 5 4 
s amp l e  s i z e 9 8 1 1  
3 mo t o r s * * *  3 . 8 8 3 . 1 6 4 . 4 9 
s t d dev i a t i on 0 . 2 5 1  0 . 6 2 7  0 . 2 7 8  
samp l e  s i z e 1 1  1 1  1 1  
* I nd i c a t e s  r e f e r e n c e  s ys t em on l y , runn i ng . 
* *  I n d i c a t e s  t o o l  f rame t u r n i ng . 
* * *  I nd i c a t e s  t o o l  f rame runn i ng f o rward . 
1 4 4 
1 4 5' 
Tab l e  D . 3 .  Mean va l ue s  o f  v o l t a g e  m e a s u r ed dur i ng a 
c u l t i va t i on operat i on . 
a l l mo t o r  
c o mb i na t i ons 
1 
2 7 6 v 
Pha s e  
2 
2 7 8  
3 
2 7 6  
T ab l e  D . 4 .  Mean va l u e s  o f  c u r r e n t  meas ured dur i ng a 
c u l t i va t i on operat i on . 
Ph a s e  
1 2 3 
1 m o t o r  2 . 1 0 Amps 2 . 0 6 2 . 3 9 
s td dev i a t i on *  0 . 1 2 9 0 .  1 8 4 0 . 0 8 3  
2 mo t o r s  3 . 6 1  3 . 5 6 3 . 8 2 
s td dev i a t i on 0 . 1 2 6 0 . 1 6 2  0 . 0 8 1  
3 mo t o r s  5 . 0 8 5 . 1 4 5 . 2 9 
s td dev i a t i on 0 . 1 3 8 0 . 2 4 5  0 . 1 1 8 
* Samp l e  s i z e i n  a l l o f  t h e s e  c a s e s  was 9 .  
Tab l e  D .  5 .  Powe r fac t o r s  by phas e and mo t o r  c omb i nat i on . 
Phas e 
1 2 3 
1 mo t o r  0 . 4 0 7  0 . 2 4 2  0 . 1 5 6 
2 m o t o r s  0 . 3 0 9  0 . 2 2 5  0 . 1 7 4  
3 mo t o r s  0 . 2 9 2  0 . 2 0 8  0 . 1 9 1  
APPEND I X  E 
SAMPLE CALCULAT I ONS FOR ENERGY EFF ICIENCY 
OF A PLANT I NG OPERAT I ON 
1 4 6 
1 4 7  
Tab l e  E . 1 .  C a l c u l a t i on s  f o r  e n e rgy e f f i c i ency o f  a 
p l an t i n g  operat i on . 
1 . C a l c u l a t i o n o f  e n e rg� f o r  e ach mo t o r  c omb i na t i on 
and ph a s e . 
E i = Ti * V t  * I t  i * PF t i 
+ 
Ti * Vz * I z i  · * PFz i 
+ 
Ti * v3 * I 3 i  * PF3 i 
Whe r e  E = e n e r g y  i n  kWhr . 
T = t h e  t o t a l  t i me f o r  t h e  s ys t em runn i ng 
i n  t h e  mode s s ub s c r i p t ed b y  i ' i n  
h o u r s , ( f r o m  appendi x  c )  • 
i = t h e  s ub s c r i pt f o r  each o f  t h e  t h r e e  
po s s i b l e  mo t o r  c o mb i na t i on s . 
1 ' 2 ' 3 = t h e  s ub s c r i pt c o r r e s pond i ng to the 
th r e e  pha s e s  o f  t h e  powe r s ys tem . 
v = t h e  pha s e  v o l tage i n  kvo l t s , f rom 
app e nd i x  D .  
I = t h e  pha s e  c u r rent i n  Amps , f rom 
app e nd i x  D .  
PF = t h e  pow e r  f a c t o r , from appen d i x  
E t = . 9 9 2 * . 2 7 8 * 1 . 3 8 * . 4 0 7  + . 9 9 2 * . 2 8 0 * 1 . 2 7 * . 2 4 2  
+ . 9 9 2 * . 2 7 0 * 1 . 8 0 * . 1 5 6 
E t  = 0 . 3 1 5  kWh r 
E z = . 9 1 3 * . 2 7 8 * 3 . 0 5 * . 3 0 9  + . 9 1 3 * . 2 8 0 * 2 . 4 6 * . 2 2 5  
+ . 9 1 3 * . 2 7 0 * 3 . 3 5 * . 1 7 4 
E 2 = 0 . 5 2 4  kWhr 
E 3 = 1 1 . 8 5 * . 2 7 8 * 3 . 8 8 * . 2 9 2  + 1 1 . 8 5 * . 2 8 0 * 3 . 1 6 * . 2 0 8 
+ 1 1 . 8 5 * . 2 7 0 * 4 . 4 9 * . 1 9 1  
E 3 = 8 . 6 5 7  kWh r 
D .  
1 4 8 
Tab l e  E . 1 .  ( cont i nued ) 
2 .  C a l c u l at i on o f  t o t a l  ene rgy consumed i n  t h e  f i e l d ,  
and t o t a l  f i e l d  ene rgy r equ i red pe r hec tare . 
E t o t a t = E 1 + E 2 + E a = 9 • 4 9 7 kWh r 
Energy pe r h e c t a r e  = Et o t a l I te s t  p l o t  area 
E / ha = 9 . 4 9 7  kWh r /  . 2 7 0 2  h a  = 3 5 . 1  kWh r l ha 
3 .  Ca l c u l a t i o n o f  n e t  h e a t  ene rgy c on s ummed a t  t h e  
powe r pl an t ,  t o  pe r fo r m  t h e  pl ant i ng ope r at i on . 
E n e t l ha = E / h a  I n e t  powe r p l an t  e f f i c i enc y 
E n e t / h a  = 3 5 . 1  kWh r l h a  I . 2 5 7  = 1 3 7  kWh r lha 
4 . C a l c u l at i o n o f  the work outpu t o f  the s�s tem 
dur i ng the pl an t i ng ope r a t i o n . 
Wlha = D * L I A 
Wh e r e : W l h a  = wo rk done pe r h ec tare i n  J o u l e s . 
D = dra f t  f o r c e  i n  Newtons . 
L = the path l en g t h  c overed i n  the pl o t  i n  
me t e r s . 
A = the area o f  the p l o t  i n  h a . 
W/ha = 8 8 5  * 1 2 1 7 . 7  I . 2 7 0 2  = 3 . 9 9 MJ I h a  
3 . 9 9 MJ I ha = 1 . 1 1 k Wh r  I ha 
5 .  C a l u l a t i o n o f  o v e r a l l  e f f i c i ency for pl ant i ng .  
E f f i c i enc y = E o u t  I Ei  n 
E f f i c i enc y = 1 . 1 1 kWh r l ha I 1 3 7 kWh r l ha = 0 . 0 0 8 1 
APPEND I X  F 
SUMMARY DATA FOR DRAF T , S PEEDS , AND TURN I NG 
T I MES , FROM PLANT I NG AND CULT IVAT I ON 
DATA ACQU I S I T I ON F I LE S  
1 4 9 
Tab l e  F . 1 .  S umma ry data f o r  a p l an t i n� operat i on . 
Run 
Name 
P2 R 1  
P 2 R 2  
P 2 R 3  
P 2 R 4 
P 2 R 5  
P 2 R 6  
P 2 R 7 
P 2 R 8  
Run 
Radi us 
6 .  28  ( .m )  
8 . 6 0 
1 0 . 8 7 
1 3 . 1 9  
1 5 . 4 0 
1 7 . 4 9 
1 9 . 5 7  
2 1 . 8 6 
Mean 
The o r e t i c a l  
Spe ed* 
3 . 3 8 ( cm / s ) 
3 . 3 9 
3 . 3 9 
3 . 3 9 
3 . 3 9 
3 . 3 9 
3 . 3 9 
3 . 3 9 
Mean 
Ac tual Mean 
Spe e d* * D r a f t  
2 . 3 5 
2 . 5 9 
2 . . 6 2  
2 . 6 4 
2 . 6 5 
2 . 6 7 
2 . 6 3 
2 . 6 9 
7 6 4  ( N ) 
8 7 5  
9 1 2 
8 9 7  
8 4 7  
8 8 3  
9 5 6  
9 4 5  
1 5 0 
% T i me 
Turn i ng 
3 0 . 0 0% 
2 1 . 3 0 
1 3 . 3 6 
1 1 . 6 4 
9 . 6 6 
7 . 7 2 
5 . 8 3 
4 . 5 6 
* Th e o r e t i c a l  s pe e d  d o e s  n o t  i n c l ude s tops o r  t u r n s . 
* *  Ac tual speed i nc l ud e s  t ur n s , but no s t o p s . 
T ab l e  F . 2 .  S umma ry dat a  f o r  a c u l t i vat i on operat i on . 
Run 
N ame 
C 1 R 1  
C 1 R 2  
C 1 R 3  
C 1 R 4  
C 1 R 5  
C 1 R 6  
C 1 R 7  
C 1 R 8  
C 1 R9 
Run 
Rad i u s  
_6 .  5 8  
8 . 6 2 
1 1 . 0 6 
1 2 . 9 3 
1 5 . 2 8 
1 7 . 5 0 
2 0 . 0 9 
2 2 . 1 6 
2 4 . 3 2 
Mean 
The o r e t i c a l  
Speed* 
3 . 7 5 
3 . 7 5 
3 . 7 5 
3 . 7 5 
3 . 7 5 
3 . 7 5 
3 . 7 5 
3 . 7 6 
3 . 7 6 
Mean 
Ac t u a l  
Spe ed* * 
2 . 6 0 
2 . 8 4 
2 . 9 5 
3 . 4 4 
3 . 0 8 
3 . 1 7 
3 . 2 0 
3 . 2 4 
3 . 3 1 
Mean 
Draft 
2 2 7 5  
2 3 1 0  
2 3 5 2  
2 4 6 2  
2 5 0 1  
2 1 7 1  
2 2 7 9  
2 2 5 7 
% T i me 
Turn i ng 
2 9 . 4 0% 
1 6 . 2 8 
1 5- . 6 9  
1 1 . 2 2 
9 . 0 5 
7 . 8 7 
1 0 . 7 4 
3 . 5 6 
4 . 3 6 
* Theore t i c a l  s pe ed doe s n o t  i nc l ude s tops o r  t u rn s . 
* *  Ac tua l  speed i nc l ude s t u r n s , but no s t ops . 
Tab l e  F . 3 .  S umm� ry da t a  f o r  d r a f t  mode l t e s t  run s . 
Mean Mean 
1 5 1  
Run 
Name 
Th e o re t i c a l  Ac t u a l  Mean s amp l e 
C 1 R 1 2 * * 
C l R 1 3  
C l R 1 4  
C l R 1 5  
C l R 1 6  
C l R 1 7 
Spe ed* 
3 . 7 5 
3 . . 7 5 
3 . 7 5 
3 . 7 4 
3 . 7 2 
3 . 7 1 
Spe e d  
{ cm / s ) 3 . 3 8 
3 . 2 7 
3 . 2 4 
2 . 9 6 
2 . 6 3 
2 . 4 7 
Draft s i z e 
9 8 0  { N )  8 3  
1 7 2 4  9 2  
2 2 6 9  9 5  
3 5 8 0 9 7  
5 0 0 5  9 5  
5 9 0 7  8 6  
* S pe eds r e f l ec t  c o n t i nu o u s  s t ra i gh t - l i n e  runn i ng . 
* *  D raft for th i s  run was me a s u red w i th t h e  c u l t i va ­
t o r  t i ne s  above t h e  s o i l s u r face , and t h e  d r a f t  
va l u e  measured was u s ed a s  r o l l i ng r e s i s tanc e . 
APPEND I X  G 
CULT I VATOR T I NE DEPTH , W I DTH , AND DRAFT DATA 
AND A S AMPLE CALCULAT I ON OF DRAFT 
1 5 ·2 
1 5 3 
Tab l e  G .  1 .  Cu l t i va t o r  t i ne w i dt h s  and depths f o r  d r a f t  
mode l t e s t  runs . 
T i n e W i dth C 1 R8 C l R 1 3 C 1 R 1 4  C 1 R 1 5  C 1 R 1 6  C 1 R 1 7  
1 6 .  3 5 *  6 . 0 4 4 . 4 5 7 . 6 2 7 . 9 4 1 0 . 4 8 1 0 . 8 0 
2 1 0 . 8 0 4 . 9 2 4 . 4 5 6 . 3 5 2 . 5 4 6 . 9 9 3 . 8 1 
3 6 . 3 5 6 . 1 9 3 . 1 8 7 . 6 2 6 . 6 7  8 . 5 7 8 . 5 7 
4 6 . 3 5 3 . 8 1 4 . 1 3 6 . 3 5 9 . 5 3 9 . 5 3 9 . 5 3 
5 1 0 . 8 0 5 . 2 4 4 . 1 3 6 . 9 9 7 . 9 4 9 . 5 3 1 0 . 8 0 
6 1 7 . 7 8 4 . 2 9 4 . 1 3 6 . 9 9 4 . 4 5 7 . 9 4 6 . 9 9 
7 1 0 . 8 0 4 . 4 5 5 . 0 8 7 . 6 2 6 . 3 5 9 . 5 3 8 . 8 9 
8 6 . 3 5 5 . 8 8 5 . 7 2 7 . 6 2 9 . 5 3 9 . 5 3 1 2 . 7 0 
9 6 . 3 5 3 . 9 7 4 . 1 3 4 . 4 5 7 . 6 2 8 . 8 9 1 2 . 7 0 
1 0  1 0 . 8 0 4 . 7 7 4 . 1 3 6 . 3 5 6 . 6 7 8 . 8 9 1 0 . 4 8  
1 1  1 7 . 7 8 5 . 4 0 4 . 1 3 6 . 3 5 5 . 0 8 6 . 9 9 3 . 1 8 
1 2  1 0 . 8 0 5 . 2 4 4 . 7 6 7 . 6 2 7 . 6 2 8 . 8 9 9 . 2 1 
1 3  6 . 3 5 5 . 2 4 5 . 0 8 6 . 9 9 7 . 6 2 9 . 5 3 1 2 � 3 8 
1 4  6 . 3 5 6 . 0 4 5 . 0 8 7 . 3 0 6 . 9 9 6 . 9 9 8 . 8 9 
1 5  1 0 . 8 0 5 . 7 2 5 . 0 8 6 . 0 3 4 . 4 5 4 . 4 5 3 . 1 8 
1 6  6 . 3 5 6 . 1 9 3 . 8 1 7 . 3 0 8 . 8 9 8 . 8 9 1 1 . 4 3 
We i gh t e d  
Ave rage 
Depth 5 . 1 3 4 . 4 4 6 . 8 2 6 . 3 9 8 . 1 8 8 . 3 4 
* Al l mea s u r emen t s  g i ve n  i n  c e n t imet e r s . 
1 5 4 
T ab l e  G . 2 .  C u l t i va t o r  ·t i ne d r a f t s  f o r  draft mode l t e s t s . 
T i ne C 1 R8 C 1 R 1 3 C 1 R 1 4  C 1 R 1 5 C 1 R 1 6  C 1 R 1 7 
1 1 8 7  * 1 1 3  2 6 7  2 8 7  4 6 0  4 8 4  
2 1 1 0 9 5 5  1 5 6 4 7  1 7 8  7 7  
3 1 4 1  5 4  1 9 6 1 5 9 2 3 7  2 3 7 
4 6. 7 7 5  1 4 9 2 8 2  2 8 5  5 5 1  
5 1 1 8 8 7  1 7 5 2 1 2  2 8 0  3 4 0 
6 1 3 7  1 2 7  2 5 3  1 4 1 3 0 3  2 5 3  
7 9 6  1 1 4 2 0 0 1 5 5 2 8 0  2 5 4  
8 1 3 2  1 2 4  1 9 6  2 8 5  2 8 5  4 8 7  
9 7 2  7 5 8 4  1 9 6 2 4 9  4 8 7  
1 0  1 0 4 8 7  1 5 5  1 6 7  2 5 1  3 2 8 
1 1  1 7 9  1 2 7  2 2 0  1 6 6  2 4 9  9 5  
1 2  1 1 7 1 0 4  2 0 0  1 9 9 2 5 1 2 6 9  
1 3  1 1 0 1 0 5  1 7 2  1 9 6  2 7 2  4 6 8  
1 4  1 3 6 1 0 5  1 8 2  1 7 2  1 7 0 2 5 2  
1 5  1 3 5  1 1 4 1 4 2  9 5  9 5  6 1  
1 6  1 4 3  6 8  1 8 3  2 5 2  2 4 9  3 9 4  
* A l l dra f t  va l ue s  g i ve n  i n  N ewt ons . 
1 5 5 
Tab l e  G .  3 .  Samp l e  c a l c u l a t i on o f  draft u s i ng t h e  Mc k ye s 
mode l f o r  t i n e numb e r  o n e  o f  run C 1 R 1 7 . . 
p = ( -ygd2 N G  + cdNc + qdNq + C a dNc a ) W  
w = 0 . 0 6 3 5  m 
d = 0 . 1 0 8 m 
d/w = 1 . 7 0 
'Y = 1 . 5 4 5  t / m3 
g = 9 . 8 1 m / s 2 
c = 7 . 1 7 kPa 
C a  = 3 . 5 9 kPa 
q = 0 
(/J = 4 2  de g r e e s  
0 = 2 1  deg r e e s  
a = 3 6  deg r e e s  
N G  = 6 . 8  
Nc  = 8 . 5  
N c a = 1 0 7 
p = 0 . 5 4 kN 
H = Ps i n ( a  + o )  + c a dw ( c o t a ) 
H = . 4 8 kN = 4 8 0  N 
APPEND I X H 
CHARTS Y I ELD I NG N VALUE S FOR THE UN I VERSAL 
EARTHMOV I NG EQUAT ION 
( McKye s , 1 9 8 5 ) 
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le (McKy , 1985) .  
r tio and r 
Figure H .  3 .  P lo t  o f  Nc& for a range o f  tool aspec t rat ios and rake 
angles (McKyes , 1985 ) . 
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APPE ND I X  I 
I N S TRUMENTAT I ON CAL I BRAT ION DATA 
1 6.0 
Tab l e  I . 1 . Draw bar c a l i b ra t i on da t a . · 
D r a f t  S i gna l Rat i o  D r a f t  S igna l  Ra t i o  
2 9 3  ( N )  2 . 9 3 ( mv l v ) 2 7 0 9 2 7 . 9 8 
4 0 5  4 . 1 2 2 9 5 8 3 0 . 3 8 
5 5 6  . 5 .  6 7  3 1 3 6 3 2 . 4 7 
6 8 5  6 . 8 7 3 3 7 2  3 4 . 8 7 
8 9 0  9 . 2 6 3 5 9 8 .  3 7 . 5 6 
1 1 8 3  1 1 . 9 3 3 8 5 6  4 0 . 3 7 
1 3 8 3  1 4 . 3 8 3 4 7 8  3 5 . 7 0 
1 5 8 3  1 6 . 5 4 4 1 9 9  4 3 . 1 5 
1 8 1 9  1 9 . 0 6 4 9 5 9  4 9 . 8 7 
2 2 0 2  2 1 . 0 0 7 6 4 2  8 0 . 2 3 
2 2 2 0  2 3 . 0 0 8 3 6 2  8 7 . 5 6 
2 4 6 8  2 5 . 5 2 8 9 8 9  9 4 . 1 4 
9 8 2 1  1 0 1 . 9 5 
Tab l e 1 . 2  D r i ve mo t o r  s pe ed c a l i br a t i on data and 
theo r e t i ca l  s pe ed r e l at i onsh i p . 
1 6 1  
Mo t o r  Speed Vo l tage S igna l Mo t o r  Spe ed Vo l tage S igna l  
1 7 8 0  ( rpm ) 4 . 9 6 0  ( v )  1 7 8 0  4 . 9 6 6  
1 7 7 0  4 . 9 5 7  1 7 7 0 4 . 9 4 6  
1 7 7 0 4 . 9 4 5  1 7 5 0  4 . 8 8 3  
1 7 5 0  4 . 9 0 1  1 7 4 0  4 . 8 2 3  
1 7 4 0  4 . 8 5 8  1 7 2 0  4 .  8 0·7 
1 7 2 0  4 . 8 3 2  1 7 2 0  4 . 8 1 7  
1 7 0 0  4 . 7 5 8 1 7 0 0  4 . 7 4 7  
1 7 3 0  4 . 8 3 9  1 7 0 0 4 . 7 4 1  
1 7 2 0  4 . 8 0 6  1 7 1 0 4 . 7 8 0  
1 7 2 0  4 . 8 1 5  1 7 9 0  5 . 0 0 3  
1 7 8 0  4 . 9 7 1  1 7 9 0  5 . 0 0 3  
G r ound s peed = ( Mo t o r  S pe ed I G e a r  Ra t i o ) * Ro l l i ng 
C i rcum fe rence . 
· G r ounds peed = ( Mo t o r  S p e e d  I 3 0 1 6 ) * 3 4 2 . 6  em 
1 6 2  
Tab l e  ! . 3 .  Ca l i brat i o n da t a  f o r  the s pe ed o f  the p r e s s ­
wh e e l  ax l e ,- u s e d  t o  de t e rm i ne ac tua l g r o und­
speed . 
F r equency 
1 9  ( H z )  
4 7  
7 5  
8 8  
1 0 5  
1 1 7 
1 3 1  
1 4 6 
1 6 9 
1 7 9 
1 9 3  
2 1 0 
2 2 7  
2 4 2  
2 4 6 
2 3 0 
2 1 5  
1 9 8  
1 8 7  
1 6 6 
1 5 3 
1 3 6 
1 2 2  
1 1 1  
9 5  
8 1  
6 4  
5 0  
3 7  
2 4  
1 1  
Vo l t age 
0 . 4 8 6  ( v )  
1 . 1 6 9  
1 . 8 5 0  
2 . 1 8 7  
2 . 5 3 9  
2 . 9 1 6  
3 . 3 6 1  
3 . 7 4 7  
3 . 9 8 3  
4 . 3 1 9 
4 . 7 5 9 
5 . 1 8 8 
5 . 4 7 7  
5 . 8 5 6  
6 . 1 5 5  
5 . 6 4 1  
5 . 2 3 0 
4 . 8 5 7  
4 . 6 5 4  
4 . 1 3 1  
3 . 7 3 8  
3 . 5 3 4  
3 . 1 0 3 
2 . 6 6 2  
2 . 3 2 2  
1 . 9 5 5  
1 . 5 0 5  
1 . 2 0 4  
0 . 9 6 1  
0 . 5 2 9  
0 . 2 8 6 
Frequency 
1 9  
4 8  
7 6  
8 9  
1 0 4 
1 1 8 
1 3 2 
1 4 5  
1 6 7  
1 8 1  
1 9 6 
2 0 7  
2 2 4  
2 4 3  
2 4 5  
2 3 1  
2 1 5  
1 9 8  
1 8 3  
1 6 5  
1 5 4 
1 3 7  
1 2 3 
1 1 0 
9 2  
8 1  
6 4  
5 0  
3 8  
2 6  
1 0  
. Vo l tage 
0 . 5 0 4  
1 . 1 7 2 
1 . 8 2 6  
2 . 1 9 3  
2 . 5 5 3  
2 . 9 7 0  
3 . 3 2 1  
3 . 6 7 9  
3 . 9 8 8  
4 . 3 3 9 
4 . 7 9 5  
5 . 0 9 9  
5 . 4 8 9  
5 . 8 7 8  
5 . 9 0 3  
5 . 5 0 6  
5 . 2 5 4  
4 . 8 4 0  
4 . 4 5 0  
4 . 0 8 1  
· 3 . 9 4 0  
3 . 5 2 2  
3 . 0 5 8  
2 . 6 2 8  
2 . 3 8 2  
2 . 0 2 6  
1 . 6 1 6  
1 .  "2 7 4 
0 . 9 4 3  
0 . 5 5 4  
0 . 2 5 6  
Groundspeed = Freq . / 6 0 / Ge a r  R a t i o  * Wh ee l  C i rcum f e r e nc e . 
Gr ound s pe edp i a n t i  n g  = F r e q . _ / 6 0 / 2 6  * 1 4 0 . 2  em 
Grounds pe edc u l  t i  v a t i o n  = F r e q . / 6 0 / 2 6  * 1 2 5 . 6  em 
1 6 3  
Tab l e  I . 4 .  Too l - f rame t o  b o o m  s eparat i on c a l i b ra t i on 
data . 
S eparat i on* R e s i s tance S eparat i on Re s i s tanc e 
5 ( em )  1 3 . 8 1 ( oh m s ) 3 5  1 9 . 7 2 
1 0  1 4 . 7 9 4 0  2 0 . 7 3 
1 5  1 5 . 7 9 4 5  2 1 . 7 0 
2 0  1 6 . 7 7 5 0  2 2 . 7 1 
2 5  1 7 . 7 7 5 5  2 3 . 7 0 
3 0  1 8 . 7 5 6 0  2 4 . 6 8 
* A c onnec t i ng cabl e 2 8 1 . 9  em i n  l ength was added t o  
t h e  connec t t h e  s en s o r  t o  t h e  gan t r y . Th i s  l eng th 
wa s added a s  a c o n s tan t t o  the e qua t i on found f r om 
the above da ta . 
T ab l e  I . 5 .  Cont ro l c on du i t  ang l e  c a l i b ra t i on data . 
Ang l e  Re si s tanc e 
- 1 0 ( de g r e e s ) 5 4 6 2  ( ohms ) 
- 9  5 3 2 7  
- 8  5 1 7 3  
- 7 5 0 0 0  
- 6  4 8 4 6  
- 5  4 6 5 2  
- 4  4 5 3 6 
- 3  4 3 6 3  
- 2  4 2 0 8  
- 1  4 0 5 4  
Ang l e  
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
Re s i s tanc e 
3 8 9 9  
3 7 4 4  
3 5 3 1  
3 4 1 5 
3 2 5 7 
3 1 0 2  
2 9 4 7  
2 8 1 2  
2 6 3 9 
2 4 8 5  
